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ABSTRACT 
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Table-top XUV Nanoscope 
 
by James Andrew Grant-Jacob 
 
This thesis documents the development of a table top extreme ultraviolet (XUV) nanoscope 
suitable for coherent diffractive imaging (CDI). Intense spatially coherent ultrashort XUV 
and X ray pulses are desired for nanoscale biological and material imaging. Such radiation 
can be produced via high harmonic generation (HHG) by focusing a highly intense ultrashort 
laser pulse into gas. In order to obtain high flux XUV radiation suitable for CDI, various 
generation conditions are explored. By observing the fluorescence from an argon gas jet to 
position the laser focus into different regions within the jet, a fourfold variation in XUV 
yield is achieved. Maximum output flux is obtained for the 19
th harmonic when the laser is 
focused into the Mach disc of the jet. To further increase the XUV flux, HHG from a larger 
generation region (an argon filled pipe) is also demonstrated. The most intense harmonic is 
nearly fifty times more intense and 10 nm shorter in wavelength compared with the most 
intense harmonic generated from an argon gas jet. Position for maximum generated XUV 
flux occurs when the laser focus is positioned after the pipe. In addition, a reduction in the 
number of harmonics in the output spectrum is also achieved by positioning the laser focus 
after  the  pipe.  Using  the  high harmonics  generated  from  the  argon filled pipe  for  XUV 
scattering, CDI is used to reveal the nanoscale structure of micron sized objects. This thesis 
demonstrates the imaging of a 5  m pinhole, a 7.5  m FIB (focused ion beam) sample and a 
biological sample using the table top XUV nanoscope. A maximum reconstructed object 
resolution of ~ 300 nm is achieved. The work described here will aid in the development of a 
table top nanoscope capable of routine imaging. 
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1  Introduction 
 
1.1  Motivation 
 
The visualization of structures smaller than those visible with the human eye has been a 
motivating force in science for centuries. The optical microscope was the first microscope 
used to study such small objects. It was developed in the Netherlands in 1590 by Zaccharias 
Janssen and Hans Janssen, and further developments were made by Galileo Galilei who 
created a compound microscope in 1624. From Robert Hooke’s ‘Micrographia’ on insects, 
plants  and  minerals,  to  Marcello  Malpighi’s  work  on  kidneys  and  Antoni  van 
Leeuwenhoek’s discovery of red blood cells, microscopy is a technique that has significantly 
advanced science.  
Optical microscopes have a resolution that is limited by diffraction to several hundred 
nanometres. Many materials and biological systems such as ceramics, proteins and structures 
in diatoms have important structures on length scales much shorter than that observable with 
visible light.   
The  resolution  of  optical  microscopy  can  be  extended  through  super  resolution 
techniques such as scanning near field optical microscopy (SNOM) [1], which involves the 
use of evanescent waves to obtain resolution beyond the diffraction limit. However, SNOM 
requires long scan times to obtain high resolution images and is limited to studying surfaces. 
Other techniques include stimulated emission depletion (STED) [2] and photo activated 
localization  microscopy  (PALM)  [3].  These  techniques  can  achieve  resolutions  at  one 
tenth of that obtained with ordinary microscopes but are complicated and most require 
fluorescent molecules within the sample for image contrast. 
Current techniques available to study nanoscale objects without using visible light 
include  scanning  electron  microscopes  (SEMs)  and  transmission  electron  microscopes 
(TEMs) [4]. These electron beam techniques can provide nanoscale resolution due to the 
short de Broglie wavelength of the electrons. Since their invention in the 1930s, electron 
microscopes have enabled imaging of an array of nanostructures in materials and biology. 
Although  well established,  TEMs  are  restricted  to  thin  samples  due  to  the  limited 
penetration of electrons and SEMs are generally limited to coated samples.  
A  new  imaging  technology  similar  to  an  SEM  is  a  scanning  helium  ion CHAPTER 1 
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microscope (SHIM)  [5].  Instead  of  an  electron  beam,  a  helium  ion beam  is  used  as  the 
illumination radiation. SHIMs offer the ability to obtain sub nanometre resolution images. 
However, SHIMs, just like SEMs, are limited to surface imaging. 
Similarly, there are a number of other scanning probe techniques such as scanning 
tunnelling microscopy (STM) [6] and atomic force microscopy (AFM) [7]. These techniques 
also offer high resolution capabilities, but again they only image the surface of samples and 
sufficient sample preparation is needed before imaging. 
X ray crystallography is an imaging method that uses short wavelength light to obtain 
high resolution images [8,9]. It is already widely used in chemistry and biochemistry to 
determine  the  structures  of  a  variety  of  molecules,  including  inorganic  compounds  and 
DNA. Although samples such as proteins have been studied using this diffraction technique 
[10], the main limitation with using such probes is the need to crystallise samples. The shape 
of the sample is often distorted during crystallisation and there are many samples that cannot 
be crystallised due to their tendency to aggregate [11]. 
A method of nanoscale imaging that is not limited in the same way as the techniques 
documented above would be beneficial to science. 
 
1.2  An Alternative: an XUV/X-ray Nanoscope 
 
Extreme ultraviolet  (XUV)  (10 120  nm)  or  X ray  (0.01 10  nm)  light  enables  higher 
resolution imaging of a variety of objects compared to visible light due to their shorter 
wavelength and greater material penetration. Indeed, X ray microscopy uses X rays instead 
of  visible  light  to  image  nanoscale  objects  [12].  Due  to  the  poor  refraction  and  high 
absorption in most materials of X rays, zone plates are commonly used to focus the X rays 
[13]. Although many objects have been imaged using X ray microscopy, zone plates reduce 
the flux of the incident radiation and have limited resolution. 
Using short pulsed spatially coherent XUV or X ray light to scatter off samples is an 
alternative nanoscale imaging technique that allows high penetration and high resolution, as 
well as removing the need to use zone plates and crystallised samples. In order to obtain as 
high resolution images as possible, it is necessary to have high flux. However, this can cause 
ionization  of  inner  electrons  from  atoms  within  a  molecule.  The  repulsion  between 
positively charged ions can cause a Coulomb explosion which results in irreversible sample 
damage [14]. The timescale of this damage is approximately 15 femtoseconds [15].  
Neutze et al. [15] predicted that by using femtosecond high intensity X ray pulses to 
scatter off non crystalline samples before they are destroyed, it is possible to determine the 
corresponding structure from their recorded scattering image. This has been demonstrated 
experimentally by Chapman et al. [16]. As such, by extending this technique with the use of CHAPTER 1 
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radiation with a wavelength between 2.33 nm and 4.37 nm (the ‘water window’ where the 
carbon in biological objects absorbs radiation strongly but the water does not), high contrast 
biological images are potentially producible. 
 
 
Figure 1.1: Absorption in the water window. The symbols represent the absorption edges of 
the corresponding elements that are present in a simple biological sample. The data are 
taken from reference [17]. 
 
By  using  an  XUV  or  X ray  pulse  that  is  temporally  short,  a  scattering  image  of 
nanostructures can be recorded on a camera before the sample is irreversibly damaged or 
destroyed [18]. Although a camera does not record any phase information, if the scattering 
image can be reliably inverted by computation, then XUV and X ray scattering can be used 
to reveal the structure of nanoscale objects. Coherent diffractive imaging (CDI) is a method 
that solves such a problem. The technique uses a phase retrieval algorithm originally devised 
by Gerchberg and Fienup to allow image reconstruction of a sample from the observed 
scattering pattern [19,20]. 
The development of a source of short pulsed high flux XUV or X ray radiation, along 
with an appropriate imaging setup, could potentially enable high spatial resolution images of 
nanoscale objects to be obtained. 
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1.3  Current XUV and X-ray Sources 
 
To date, various sources exist for the generation of XUV and X ray radiation (see Table 1.1 
for a summary of source parameters). These include plasma sources, free electron lasers 
(FELs),  synchrotrons  and  high  harmonic  sources;  all  having  their  own  advantages  and 
disadvantages, and all in some way using accelerated electrons in the conversion process. 
Laser and electric discharge generation of hot and dense plasma can emit incoherent XUV 
and X ray radiation [21,22]. Such a technique is available on the table top scale and imaging 
of micron sized objects has already been demonstrated using this source [23]. However, the 
need to aperture the beam to achieve spatial coherence reduces flux and the picoseconds 
pulse lengths of the generated radiation are too long for single shot imaging. 
Another  source  of  short  wavelength  generation  is  synchrotrons.  Radiation  from  a 
synchrotron can have wavelengths ranging from 0.01 nm to 1  m [24] and pulse lengths 
ranging  from  300  femtosecond  to  picoseconds  [25].  Synchrotron  radiation  sources  have 
many applications in scientific research [26]. However, the long pulse lengths and the need 
to  aperture  the  beam  to  obtain  spatial  coherence  means  such  sources  are  currently  not 
suitable for single shot imaging. Furthermore, the cost and scale of synchrotrons severely 
limits their wide spread use. 
 
  HHG source  Flash FEL  LCLS  Diamond 
synchrotron 
Spatial coherence  High  High  High  Low 
Footprint  ~ 5 m
2  ~ 10,000 m
2  ~ 2,000 km
2  ~ 45,000 m
2 
Cost  ~ £3m  ~ €120m  ~ $315m  ~ £260m 
Pulse length  0.13 60 fs  10 50 fs  1 500 fs  ~ 1 ps 
Wavelength  2.7 60 nm  6.5 47 nm  0.12 2.2 nm  0.01 15 nm 
 
Table 1.1: Comparison of the specifications of currently available high harmonic generation 
sources, the FLASH FEL at DESY in Hamburg, the LCLS in Stanford University and the UK 
Diamond Light Source. Flash specifications from [27]. LCLS specifications from [28]. 
Diamond specifications from [29]. 
 
In  FELs,  an  ultrashort  electron  pulse  is  accelerated  by  an  electric  field  to 
gigaelectronvolt energies resulting in the emission of short wavelength light via undulator 
radiation.  The  FLASH  (Free electron  LASer  in  Hamburg)  experiment,  reported  the  first 
demonstration  of  ultrashort  and  extremely  intense  soft X ray  scattering  (Chapman  et  al. 
[16]). At the time of writing this thesis, the source was able to produce radiation with pulse CHAPTER 1 
5 5 5 5       
 
lengths of order tens of femtoseconds and wavelengths between 6.5 nm and 47 nm. Another 
FEL,  the  Linac  Coherent  Light  Source  (LCLS)  based  in  Stanford,  is  currently  able  to 
generate femtosecond pulses with wavelengths between 0.12 nm and 2.2 nm at a brightness 
ten orders greater than current synchrotron radiation [28]. The source is therefore ideal for 
CDI. However, as with synchrotrons, such sources are not widely available. A technology 
available  on  the  scale  of  a  table top  would  add  substantial  benefits  to  the  scientific 
community by offering a financially and more technologically accessible device.  
A  table top  method  to  produce  ultrashort  XUV  and  X ray  pulses  is  the  direct 
conversion of a laser pulse into shorter wavelengths by a nonlinear process called high 
harmonic generation (HHG) [30]. By focusing an ultrashort intense laser into atoms or ions, 
femtosecond  XUV  and  X ray  radiation  can  be  generated  [31].  The  spectral  range  and 
intensity of the generated harmonics can be varied [32,33]. In addition, the generated light 
has a high degree of spatial coherence, which is needed for scattering based imaging. Indeed, 
successful imaging of objects with a resolution of ~ 90 nm has recently been achieved with a 
high harmonic source [23].   
As specified in Table 1.1, HHG is a high spatially coherent, financially viable, table 
top alternative to large expensive accelerator sources. For these reasons, HHG is the method 
of XUV generation described in this thesis, which documents the development of an XUV 
nanoscope. 
 
1.4  Thesis Aims 
 
In  order  to  obtain  high  resolution  images,  it  is  necessary  to  have  as  high  flux  of  high 
harmonics as possible and to have a scattering setup capable of CDI. Therefore, the aim of 
this work is to develop a source of high flux XUV radiation and then use the radiation to 
image nanostructured micron objects so that the development of a table top XUV nanoscope 
can be realised. 
 
1.5  Thesis Outline 
 
The building of a table top XUV nanoscope has several key aspects. This report concentrates 
on the theoretical and practical process of generating and optimizing high harmonics in an 
argon gas jet and argon filled pipe, and details the experimental process of using the XUV 
light for CDI. 
 
The outline of this thesis is as follows: 
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This thesis will begin by providing a background into the theory and experimental apparatus 
used  to  develop  a  high  harmonic  XUV  radiation  source.  The  process  of  HHG  will  be 
discussed, and details of the femtosecond laser system and vacuum system used to generate 
XUV radiation are also provided. 
 
A discussion of the experimental work will begin by investigating the effect of the laser 
focus position within an argon gas jet on the high harmonic output. The chapter will examine 
both the output XUV spectrum as well as the fluorescence from the jet for various backing 
pressures and laser focus positions. 
 
Next, the thesis will build on results obtained from the previous chapter to generate high flux 
XUV radiation suitable for CDI. Generation from an argon filled pipe along the laser axis is 
analysed. Additional methods of maximising XUV output are also considered.  
 
Finally,  this  work  discusses  experimental  results  obtained  from  CDI.  By  using  XUV 
radiation  from  an  argon filled  pipe  to  scatter  off  a  5   m  pinhole,  a  nanostructured  FIB 
(focused  ion  beam)  sample  and  a  diatom,  this  thesis  demonstrates  the  reconstruction  of 
nanostructured  micron sized  objects  from  their  scattering  pattern  using  phase  retrieval 
algorithms.  
7 7 7 7 
 
2  XUV Generation 
 
2.1  Introduction 
 
A background into the science and experimental setup used to develop a source of short 
pulsed spatially coherent extreme ultraviolet (XUV) radiation is provided in this chapter. 
The process  of high harmonic generation (HHG) used to produce the  XUV radiation is 
introduced, including the phase matching constraints of the generated high harmonics. In 
addition, the limitations on harmonic output due to laser intensity and generation medium 
are discussed. Details of the femtosecond laser and vacuum setup used in the generation of 
high  harmonics  are  also  provided,  as  well  as  the  diagnostic  apparatus  used  during 
experimentation. 
 
2.2  High Harmonic Generation 
 
2.2.1  Introduction 
 
When  an  electromagnetic  wave  propagates  through  a  medium,  it  forces  electrons  in  the 
medium to oscillate. These oscillations, in turn, generate a new electromagnetic wave. For 
small  electron  oscillations,  the  electron  motion  can  be  considered  as  harmonic  within  a 
potential well and the polarization of the medium is linear with electric field of the laser. The 
emitted electromagnetic wave has the same frequency as the incident electromagnetic wave. 
At  higher  laser  intensities  (when  the  strength  of  the  electric  field  starts  to  become 
comparable to the strength of the atomic field), although the oscillations of the electrons in 
the medium remain small, the electrons oscillate in a potential well with a response that is 
nonlinear. The polarization is no longer proportional to the electric field, but proportional to 
higher order terms of the electric field. In this perturbative regime, the frequency of emitted 
electromagnetic  wave  can  be  modified.  Indeed,  harmonics  of  the  original  incident 
electromagnetic wave can be generated.   
At even higher laser intensities, the polarization of  the  medium  can no longer be 
treated as perturbative. This is the regime of HHG. The electric field of the laser is so strong 
that electrons can become ionized and then move freely within the oscillating electric field CHAPTER 2 
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of the laser. Upon moving freely within the oscillating field, the ionized electron may return 
to its parent ion and emit a photon with a frequency that is a much higher than the incident 
fundamental laser frequency. A model that accounts for such a process is the semi classical 
recollision model, developed by Corkum et al. [34] and Lewenstein et al. [35]. 
 
2.2.2 Semi-Classical Model 
 
The semi classical model is based on the idea that generation proceeds via several steps, as 
shown in Fig. 2.1. 
In the first step (Fig. 2.1 (a)), when an atom’s potential is strongly perturbed by an 
electric field, the outer electron can undergo quantum mechanical tunnelling through the 
potential barrier that confines the electron and pass into a continuum of unbound states. This 
tunnelling is most likely to occur at the peak of the laser field when the distortion to the 
atomic potential is strongest. In the second step (Fig. 2.1 (b)), the electron is now in free 
space and its trajectory can be approximated as a particle using classical mechanics. The 
electron is accelerated away from the nucleus by the laser electric field. As the laser electric 
field reverses, the electron can be accelerated back towards the nucleus, gaining kinetic 
energy in the process. Finally (Fig. 2.1 (c)), if the electron recombines with the ion, a photon 
with frequency ω will be emitted. The energy of the emitted photon is equal to the kinetic 
energy gained by the electron in the electric field of the laser plus the ionization potential of 
the atom. 
 
 
 
Figure 2.1: 1 dimensional representation of HHG via the semi classical model, showing (a) 
tunnelling ionization, (b) electron propagation and (c) electron recombination with the 
emission of a photon with frequency ω. Adapted from reference [36].  
 
The process described in the semi classical model is repeated in the cycling electric 
field of the laser. Since tunnelling is most likely to occur at the peak of the electric field, 
Ionization
(a) (b) (c)
Propagation Recombination
ωCHAPTER 2 
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emission will occur twice per optical cycle. The subsequent interference between the emitted 
waves produces a harmonic spectrum [35]. However, because emission is occurring twice 
per optical cycle, only odd harmonics of the fundamental light are observed. This can be 
understood upon looking at Fig. 2.2. The plots show the interference of (a) odd harmonics 
and  (b)  even  harmonics  emitted  twice  per  optical  cycle.  The  black  line  represents  the 
fundamental electric field, the blue dashed line represents the first harmonic emitted per 
optical cycle and the green circles represent the second harmonic emitted per optical cycle. 
Assuming that the emission is in phase with the fundamental electric field, if harmonics of 
odd integer are emitted twice per optical cycle then they interfere constructively, but when 
even harmonics interfere, they do so destructively. 
 
 
Figure 2.2: Interference of (a) odd harmonics and (b) even harmonics emitted twice per 
optical cycle. The red star indicates the points of emission, the black line the fundamental 
electric field, the blue dashed line the first emitted harmonic and the green circles the 
second emitted harmonic per optical cycle. 
 
2.2.3 Free Space Motion 
 
The trajectory of the electron and the subsequent photon emission upon return to the atom 
can be determined by solving the equation of motion of a free electron in an oscillating 
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electric field [35]. An oscillating electric field of amplitude E0 linearly polarised in the x 
direction, can be written as, 
    (2.1) 
 
where ω is the angular frequency of the laser. Here, the electron is assumed to move into the 
continuum (the region far away from the potential well) with zero velocity.  
By determining the force on an electron due to the electric field of the laser, a classical 
position x(t) and velocity v(t) for the electron as a function of time can be obtained by 
integrating the classical equations of motion [37],  
 
    (2.2) 
 
    (2.3) 
 
where  v0  =  eE0/meω,  x0  =  eE0/meω
2  and  t0  is  the  tunnelling  time.  Here,  the  electron  is 
assumed to tunnel into free space with at an initial position x(t0) = 0 and initial velocity v(t0) 
= 0. In order for HHG to occur, the electron must accelerate away from the nucleus, then 
return to its original position, x = 0 (the nucleus), so that recombination and photon emission 
can occur.  
The paths of electrons for various tunnelling times are calculated from Equation 2.3 
and illustrated in Fig. 2.3. As seen in the figure, the electron can pass the nucleus more than 
once.  However,  since  the  electron  rarely  passes  the  nucleus  more  than  once  for  most 
tunnelling times, only the first return of the electron is considered 
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Figure 2.3: Electron position as a function of time for various tunnelling times in units of 
laser period. The black dashed line indicates the fundamental electric field. The data are 
calculated using Equation 2.3, with values of E0 = 5 x 10
10 V m
 1 and λ0 = 790 nm. 
 
The  photon  energy  of  the  highest  harmonic  has  been  predicted  to  be  the  sum  of  the 
ionization potential of the atom plus the maximum kinetic energy gained by the electron in 
the laser electric field upon recollision [34], 
 
    (2.4) 
 
where Ip is the atomic ionization potential and Up is the mean ponderomotive energy (i.e. the 
average kinetic energy of an electron moving in the laser electric field), such that,  
 
 
  (2.5) 
 
where e is the charge of the electron, E0 is the amplitude of the electric field, ω0 is the laser 
frequency and me is the mass of the electron.  
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Figure 2.4: (a) Kinetic energy of the electron revisiting the ion core as a function of the 
travelling time, where τ1 corresponds to short trajectories and τ2 corresponds to long 
trajectories. The data are calculated using Equations 2.2 and 2.6, with values of E0 = 5 x 
10
10 V m
 1 and λ0 = 790 nm. (b) Travelling time for the electron as a function of the 
tunnelling time. The data are calculated using Equation 2.6,  
 
The  time  t1,  when  the  electron  revisits  the  atom,  can  be  determined  by  calculating  the 
travelling time (the time spent in the continuum by the electron), τ = t1 t0 [38], 
 
 
  (2.6) 
 
Using Equation 2.6 to calculate t0 and therefore the return time t1 given x(t0) = 0, the 
velocity in Equation 2.2 can be solved and the kinetic energy upon recollision determined. 
Figure 2.4 (a), shows the instantaneous kinetic energy of the returning electron as a function 
of the travelling time, while Fig. 2.4 (b) shows the relationship between the tunnelling time 
and the travelling time. Two solutions differing in travelling time exist for photon energies 
lower than the cut off. As such, they are referred to as short (τ1) and long (τ2) trajectories 
[39]. It is evident from Fig. 2.4 (b) that the earlier an electron is emitted during a laser cycle, 
the more time it spends in the continuum. 
 
2.2.4 High Harmonic Spectrum 
 
Since monochromatic radiation is often preferred for nanoscale imaging, understanding the 
emission  spectrum  of  the  generated  radiation  is  important.  The  result  of  the  generation 
process described above is a spectrum containing a sequence of harmonics in a perturbative 
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regime, followed by a long plateau of higher order harmonics that ends with a sharp cut off 
[40]. This sharp cut off in the harmonic spectrum has been predicted by Krause et al. [41] 
and observed by L’Huillier et al. [42]. Figure 2.5 depicts a typical high harmonic spectrum. 
 
 
 
Figure 2.5: A typical high harmonic spectrum showing a perturbative region with harmonics 
of highest intensity. Following a rapid decrease in intensity is the plateau region – a region 
of approximately constant intensity. The spectrum ends in a cut off region, which contains 
the shortest wavelength harmonics. 
 
2.2.5 Cut-off Wavelength 
 
Due to the diffraction limit, obtaining as a short cut off wavelength (high cut off energy) as 
possible is necessary for high resolution imaging. XUV radiation can be produced via HHG 
[43,44], commonly achieved by focusing a high energy ultrashort laser pulse into a gas or 
plasma [45,46]. Such generation typically occurs at laser intensities of the order of ~ 10
14 W 
cm
 2 or higher [42]. The plot in Fig. 2.6 demonstrates the highest possible harmonic photon 
energy that can be achieved in argon for various pulse lengths and pulse energy when using 
a 790 nm laser focused to a spot size of 55  m. The cut off can be shifted to higher energy 
by either increasing the pulse energy or by decreasing the pulse length.  
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Figure 2.6: The highest photon energy obtainable in argon for laser pulses of wavelength 
790 nm and pulse lengths 15, 30, 45 and 60 fs as a function of pulse energy. The data are 
calculated using Equation 2.4. 
 
An increase in the cut off energy can also be achieved by using an inert gas that has a higher 
ionization potential, such as helium [47], or ions which have even higher potentials [48]. 
Seres et al. [49] have been able to achieve photon energies as high as 1.3 keV by focusing a 
few cycle laser pulse with a peak intensity of 1.4 x 10
16
 W cm
 2
 into a helium gas jet. By 
using a shorter focal length optic, higher peak laser intensities and therefore shorter cut off 
wavelengths can also be obtained. Table 2.1 presents calculated values of the peak intensity 
at  the  laser  focus  for  different  focal  length  optics,  including  the  corresponding 
ponderomotive  energies  and  cut off  wavelength  obtainable  for  different  gases.  Laser 
parameters of 1 W, 40 fs, 1 kHz and 790 nm were used in the calculation. As the focal length 
decreases and spot size decreases, the peak intensity and therefore ponderomotive energy 
increases. The ponderomotive energy is approximately 30 times greater for a 10 cm focal 
length optic than  a  60  cm  and  as  a  consequence,  the  cut off wavelength  is  an  order  of 
magnitude shorter. It is also evident that using helium instead of nitrogen will allow a cut off 
wavelength 2 nm shorter when using a 60 cm focal length optic. However, these calculated 
values  are  for  an  ideal  scenario.  Due  to  various  limitations  discussed  later,  the  actual 
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generated wavelength is generally less. Currently, radiation with wavelength of < 2.5 nm has 
been demonstrated [50]. 
 
Focal length 
(cm) 
ω ( m)  I (W cm
 2)  Up(eV)  Cut off (nm) 
He  Ar  Ne  N2 
10  10.99  1.07 x 10
16  618.96  0.6  0.6  0.6  0.6 
20  21.97  2.92 x 10
15  169.83  2.2  2.2  2.2  2.2 
30  32.96  1.32 x 10
15  76.87  4.6  4.8  4.7  4.8 
40  43.95  7.49 x 10
14  43.52  7.6  8.1  7.8  8.2 
50  54.93  4.81 x 10
14  27.94  11.0  11.9  11.2  12.1 
60  65.92  3.34 x 10
14  19.43  14.4  16.1  14.9  16.3 
 
Table 2.1: Focal spot sizes and corresponding cut off wavelengths for various gases. Laser 
parameters of 1 W, 40 fs, 1 kHz and 790 nm were used in the calculation. The data are 
calculated using Equation 2.4. 
 
2.2.6 Quantum Mechanical Model 
 
The semi classical model of the single atom response to an intense laser electric field 
detailed  so  far  can  predict  the  cut off  energy  and  electron  return  times,  but  it  does  not 
explain processes such as recombination or quantum interference of electron trajectories. A 
fully quantum mechanical model of the single atom response is required for a complete 
understanding of experimental results obtained from HHG. 
In  a  quantum  mechanical  model,  at  high  laser  electric  field  strength  part  of  the 
electron wavefunction can undergo quantum  mechanical tunnelling through the potential 
barrier that confines the electron and pass into free space. As the laser electric field reverses, 
the  electron  wavefunction  reverses  direction  and  heads  back  towards  the  ion.  Having 
changed in energy and therefore shifted in frequency, if the electron returns to the ion, the 
electron wavefunction interferes with the part of the electron wavefunction that remained 
with the ion. The resultant interference produces a dipole oscillation which emits a photon at 
the beat frequency of the interference. By solving the time dependent Schrödinger equation 
for a single atom in an intense laser electric field, the experimentally observed characteristics 
of  HHG,  such  as  the  harmonic  spectrum,  can  be  predicted  (see  for  example,  [51,52]). 
Predictions made in the semi classical model, which include electron return times, are also 
predicted in a quantum mechanical model [35]. Due to such demonstration of equivalence, 
only semi classical modelling is considered necessary in this thesis.  
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2.3  Ionization 
 
HHG from an atom can only occur when it is ionized. It is therefore important to understand 
the ionization at a given time during irradiation by a laser pulse. In the presence of a strong 
electric  field,  there  are  three  regimes  in  which  an  atom  can  be  ionized:  multi photon 
ionization  (MPI),  which  dominates  at  lower  intensities;  tunnelling  ionization,  which 
dominates when the atomic potential is distorted such that quantum tunnelling can occur; 
above barrier ionization (ABI), which occurs when the atomic potential is distorted to an 
extent that the electron can pass over the top of the potential barrier. The intensity threshold 
for ABI is given by [53], 
    (2.7) 
 
where Ic is expressed in W cm
 2, Z is the residual charge on the ion after ionization and Ip is 
the ionization potential of the atom in eV. For argon, this intensity is 2.5 x 10
14 W cm
 2.  
To determine whether the dominant process is tunnelling or MPI, it is necessary to 
consider the value the Keldysh factor [54], 
 
    (2.8) 
       
where K0 = Ip/ħω is the number of photons required for MPI, F = E/κ
3Ea is the reduced field 
such that κ = (Ip/IH)
1/2, IH is ionization potential of a hydrogen atom, ω is the laser frequency, 
E is the amplitude of the electric field, Ea = 5.14 x 10
11 V m
 1 is the atomic unit of electric 
field intensity and l and m are the angular momentum and magnetic quantum numbers of the 
atom respectively. If γ   1, tunnelling ionization is dominant, whereas if γ   1, MPI is 
dominant. For work described in this thesis, tunnelling ionization is more dominant than 
MPI. With knowledge of the Keldysh parameter, the rate of tunnelling ionization can be 
determined [55], 
 
 
 
 
(2.9) 
 CHAPTER 2 
17 17 17 17       
 
where Cκl is the dimensionless asymptotic coefficient of the atomic wavefunction away from 
the nucleus (see reference [55,56] for values), n* = Z/κ is the effective principal quantum 
number. From the ionization rate, the ionization fraction can be calculated, 
 
    (2.10) 
 
where Na is the number of atoms.  
The ionization fraction given in Equation 2.10 for a specific gas is dependent on the 
laser pulse energy and pulse length. The final ionization fraction for different laser peak 
intensities and pulse lengths when generating using argon is shown in Fig. 2.7. It is clear that 
for  a  given  peak  laser  intensity,  the  ionization  fraction  decreases  as  the  pulse  length 
decreases. The important role the ionization fraction plays in obtaining as high output flux as 
possible is due to its role in the phase matching between the fundamental light and the 
harmonics, which is discussed in the next section. 
 
 
Figure 2.7: Final ionization fraction calculated for 15, 30, 45 and 60 fs pulses as a function 
of peak intensity when generating from argon. The data are calculated using Equations 2.9 
and 2.10. 
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2.4  Phase Matching 
 
To produce high output harmonic flux, phase matching between the fundamental and the 
harmonics is required. If waves are not phase matched, then the generated harmonics will 
interfere destructively and so significant buildup of harmonic signal is not achieved. Figure 
2.8 demonstrates the basic principles of phase matching for second harmonic generation. In 
order for the second harmonic flux to buildup over the length of the medium, harmonics 
generated from multiple points in the interaction region must interfere constructively. This is 
the case in Fig. 2.8 (a), where harmonic emitted from P is in phase with harmonic emitted 
from Q. In Fig. 2.8 (b), harmonics emitted from P and Q interfere destructively and so 
efficient buildup does not occur. As such, rather than obtaining a rapid increase in signal 
intensity over the length of the medium, only growth of harmonic signal over the coherence 
length is achieved. The coherence length is defined as, 
 
    (2.11) 
 
where ∆k is the spatially varying wavevector mismatch (phase mismatch), 
 
    (2.12) 
 
Here, q is the harmonic number and phase matching occurs when   . 
By reducing the phase mismatch, the coherence length can be increased and a longer 
buildup of harmonic signal can be achieved. The phase mismatch consists of contributions 
from  the  atomic  phase  contribution  due  to  the  delay  in  emission  depending  on  electron 
trajectory, the geometrical wavevector contribution, which in this work is the Gouy phase 
shift  (including  the  curvature  of  the  wavefront)
1,  the  refractive  indices  of  the  gas  at 
fundamental and harmonic wavelength, and the refractive index of the plasma created via 
ionization. 
 
 
 
 
 
 
                                                      
1 Note that when generating using a gas filled capillary, the geometrical wavevector contribution of 
the Gouy phase shift is replaced by the waveguide dispersion [57].  CHAPTER 2 
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Figure 2.8: Schematic showing the principles of phase matching for second harmonic 
generation. The fundamental electric field (red line) generates a second harmonic 
component (blue line). (a) Harmonics emitted from P and Q are in phase and interfere 
constructively. (b) Harmonics emitted from P and Q are out of phase and interfere 
destructively. 
 
The atomic phase contribution varies depending on the electron trajectory. The phase 
of the emitted radiation with respect to the fundamental is proportional to the quasi classical 
action acquired by the electron along its trajectory [58]. The quasi classical action is defined 
as, 
    (2.13) 
 
where t0 is the tunnelling time, t1 is the recombination time, me is the electron mass, p is the 
electron’s classical momentum and Ip is the ionization potential of the atom. The harmonic 
phase is related to the quasi classical action by,  
 
    (2.14) 
 
where q is the harmonic number and ω is the angular frequency of the laser.  
It is evident from Fig. 2.9 that the phase of long trajectories has a stronger dependence 
on laser intensity than short trajectories. As a result, the phase will vary less with radius for 
short trajectories. The harmonics generated from short trajectories will therefore diverge less 
(b)
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than harmonics generated from long trajectories. The wavevector for the spatial dependence 
of the atomic phase is given by, 
 
    (2.15) 
 
where r is the radial distance from the centre axis of the laser beam and z is the distance 
along  the  laser  propagation  axis.  Such  phase  is  only  acquired  by  harmonics  and  so  the 
atomic phase wavevector of the fundamental light is zero. 
 
 
Figure 2.9: Phase acquired by an electron as a function of laser intensity for the 19
th 
harmonic for short (τ1) and long (τ2) trajectories. The gas used is in the calculation is argon. 
The data are calculated using Equation 2.14. 
 
When generating in a gas filled cell/pipe or gas jet using a freely propagating focused 
laser beam, the Gouy phase shift (phase shift acquired by a Gaussian beam as it propagates 
through free space) also contributes to the phase matching process [59]. For a Gaussian 
beam, the Gouy phase (including the curvature of the wavefront) can be written as, 
 
    (2.16) 
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where b stands for the confocal parameter and k1 stands for the spatial dependence of the 
wavevector  of  the  fundamental  Gaussian  beam  in  the  z  direction.  Here,  r  is  the  radial 
distance  from  the  centre  axis  of  the  laser  beam  and  z  is  the  distance  along  the  laser 
propagation axis. The wavevector contribution due to the Gouy phase for the fundamental 
light is therefore, 
 
    (2.17) 
 
Note that the wavevector contribution due to the Gouy phase for high order harmonics is 
small compared to that for the fundamental light. 
In addition to the atomic and the Gouy phase mismatch, the phase mismatch due to 
the refractive index of neutral gas medium  kneutral and the free electrons  kplasma should also 
be considered. The neutral gas wavevector can be calculated using [60],  
 
    (2.18) 
 
where  P  is  the  pressure  of  the  gas,  η  is  ionization  fraction  and  δ(λ)  is  the  neutral  gas 
dispersion. For the fundamental wavelength, δ(λ) is calculated using the Sellmeier formula 
[61], and for XUV wavelengths, δ(λ) is calculated from [17].  
The  wavevector  for  the  plasma  is  significant  for  the  fundamental  beam  but  is 
negligible for the high harmonics [62]. It is defined as,  
 
    (2.19) 
 
where ωp is the plasma frequency, 
    (2.20) 
 
such that Ne is the electron number density, e is the charge of an electron, me is the mass of 
an electron and ε0 is the permittivity of free space.  
The total phase mismatch results from the vector sum of all of contributions, 
 
    (2.21) 
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where  kat is the net modification due to the phase acquired by an electron after tunnelling, 
 kGouy is the net modification from focusing and propagation,  kgas is the net modification 
due to the gas and  kplasma  is the net modification due to the plasma. 
Since the Gouy phase mismatch is anti symmetric about the focus and the atomic, gas 
and  plasma  phase  mismatch  are  symmetric  for  a  constant  gas  density,  the  total  phase 
mismatch can be reduced by altering the position of the generation medium with respect to 
the focus. The contribution of the gas phase mismatch can be reduced by operating at low 
gas pressures, while the plasma and atomic phase mismatch can be reduced by using lower 
laser intensities.  
 
2.4.1  Quasi-Phase Matching 
 
If  the  phase  mismatch  is  so  high  that  significant  buildup  of  harmonic  flux  cannot  be 
achieved,  then  a  technique  proposed  by  Armstrong  et  al.  [63]  known  as  quasi phase 
matching  (QPM)  can  be  employed  to  increase  the  flux  [64,65].  By  using  a  generation 
medium with periodic structure to suppress signal when the fundamental and harmonics are 
out of phase and not when they are in phase, greater cumulative buildup of harmonic signal 
can be achieved. This is demonstrated in Fig. 2.10. In a phase matched process (red line), the 
harmonic intensity increases proportionally to the square of the number of coherent emitters 
and hence the signal grows as the square of the propagation distance in a homogeneous 
medium (see next section). However, in a non phase matched process (blue line), the output 
harmonic intensity modulates with a period that is twice the coherence length, Lcoh. The 
effect of employing QPM is demonstrated by the green line in the figure. A generation 
region with a period of modulation that is equal to the coherence length allows cumulative 
buildup along the length of the medium by reducing the out of phase signal. 
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Figure 2.10: Growth of harmonic intensity with phase matching (red), without phase 
matching (blue) and with quasi phase matching (green). 
 
Since HHG is a highly sensitive process, even a small change in the density of the gas 
could be enough to allow QPM to operate [66,65]. There are several ways to achieve QPM 
using a density modulation. Seres et al. [67] demonstrated QPM by using two gas filled 
pipes to create a modulated density along the laser axis. The two pipes were translated away 
from each other and the output high harmonic flux was recorded. A peak in the output flux 
was recorded when the pipes were at a distance that created a suitable period of modulation 
for QPM to occur. In another paper (Pirri et al. [68]), an increase in high harmonic flux was 
achieved by modulating the generation medium using multiple gas jets. 
 
2.5  Absorption 
 
In order to maximise the XUV flux, the effect of absorption needs to be considered. The 
absorption  of  light  by  a  material  varies  depending  on  the  material’s  density  and  the 
wavelength  of  the  light.  Using  data  tabulated  by  Henke  et  al.  [17],  Fig.  2.11  shows 
transmission as a function of photon wavelength for XUV radiation through 1 cm of argon, 
helium, neon and nitrogen gas at a pressure of 10 mbar. Generally, longer XUV wavelengths 
are less transmissive, though absorption is relatively low across all wavelengths for helium 
and neon. 
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Figure 2.11: Transmission through 1 cm of argon, helium, neon and nitrogen at 10 mbar for 
XUV radiation between 10 and 60 nm. The data are displayed on a log10 scale and taken 
from reference [17]. 
 
Although the output flux will increase with increasing gas pressure due to a higher 
number of atoms to generate from, the absorption will also increase. In the presence of 
absorption, the output intensity of the q
th harmonic can be written as [60], 
 
 
  (2.22) 
            
where N is the number density of atoms, χ
(q)
eff is the effective nonlinear susceptibility of the 
q
th harmonic, E0 is the input electric field, s is the effective order of the nonlinearity (~ 5) 
[69], α is the absorption coefficient and  k is the total wavevector mismatch. The terms in 
the round brackets describes the contribution of phase matching to the output intensity of the 
q
th harmonic in the presence of absorption. From the equation, it is evident that the intensity 
of the harmonic signal increases quadratically with the number density of the atoms, as long 
as there is no change in the coherence length or absorption. The length of the buildup of high 
harmonic signal is limited by the shorter of the absorption length, Labs = 1/2α (the distance in 
which the intensity of light drops to 1/e in a material) and the coherence length, Lcoh = π/| k|. 
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If the absorption length is shorter than the coherence length, then the output flux will be 
limited by absorption and not the phase mismatch. 
The output intensity of the q
th harmonic as a function of medium length for various 
coherence lengths is plotted in Fig. 2.12. For a phase matched process, the output harmonic 
intensity in the absence of absorption is proportional to the square density and therefore 
square of length of the medium. However, in the presence of absorption, the high harmonic 
signal saturates when the length of the medium is longer than several absorption lengths, 
even for an infinite coherence length [70]. The harmonic output saturates at a lower intensity 
as the coherence length decreases for a given absorption length. As the absorption length 
decreases for a given coherence length, the harmonic emission will saturate at even smaller 
values. It is therefore desirable to generate under conditions where the coherence length is as 
long as possible and the absorption is as low as possible in order to maximise XUV flux. 
 
 
 
 
Figure 2.12: Output intensity of the q
th harmonic (arbitrary units) as a function of medium 
length (in units of absorption length) for different ratios of the absorption length Labs to the 
coherence length Lcoh. The dotted line corresponds to the case of zero absorption. Adapted 
from reference [70]. 
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2.6  Experimental Setup 
 
2.6.1  Femtosecond Laser System 
 
It is necessary to create a pulse that is as short in time as possible to obtain high cut off 
energy and high flux of the generated harmonics [71]. The femtosecond laser system used in 
this project is designed to produce 790 nm, 40 fs, 3 mJ pulses at a 1 kHz repetition rate. The 
setup is shown as a block diagram in Fig. 2.13. The purpose of the first part of the system is 
to produce short pulses, while the purpose of the second part the system is to amplify the 
pulses.  
 
 
 
Figure 2.13: Block diagram of femtosecond laser system. 
 
2.6.1.1  Ti:sapphire Oscillator 
 
A mode locked Ti:sapphire laser cavity is used as the seed laser [72,62], which is pumped 
by a 4.5 W Spectra Physics Millennia diode pumped laser operating at 532 nm. In this setup, 
the pump laser beam enters a cavity that contains mirrors, prisms and a Ti:sapphire crystal 
(see Fig. 2.14 for schematic of setup). The crystal is the gain medium and also allows a 
technique known as Kerr lens mode locking (KLM) to occur, in which pulsed light is more 
focused  than  continuous  [73].  Pulsed  light  is  favoured  in  the  cavity  by  the  presence  of 
concave mirrors, while a slit allows tuning of the pulse wavelength. The prisms act as a 
dispersion compensator to aid in the production of short pulses. Once  mode locked, the 
Tsunami oscillator produces 25 fs pulses at 500 mW, with a repetition rate of 82 MHz. 
These pulses are then directed into the amplifier along with a pump laser beam, which is 
provided by a diode pumped, frequency doubled Q switched Nd:YLF laser (Positive Light 
Evolution 30) operating at 20 W, 527 nm and 1 kHz repetition rate. 
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Figure 2.14: Schematic of the optical configuration of the Ti:sapphire oscillator. 
 
2.6.1.2 Chirped Pulse Amplifier 
 
Chirped pulse amplification (CPA) is a system that uses an amplifier to amplify ultrashort 
laser  pulses  [74].  In  the  CPA  system  used  in  experiments  documented  in  this  thesis 
(Newport Spitfire Pro, shown schematically in Fig. 2.15), a laser pulse is initially stretched 
out in time using a grating so that the low frequency components travel a shorter distance 
than the high frequency components (pulse becomes positively chirped). Once a pulse has 
been chirped, its peak intensity is low enough for it to pass into a regenerative amplifier 
without suffering from significant nonlinear effects or causing damage to the gain medium. 
The  regenerative  amplifier  is  a  cavity  that  consists  of  mirrors  and  a  gain  medium 
(Ti:sapphire crystal) that is pumped by a separate laser. The stretched pulse is passed into 
this cavity via a Pockel’s cell (an electro optic switch) where it can make many round trips, 
gaining energy in the process. The timing of the Pockel’s cells switching is optimized so that 
a minimum number of passes through the medium are made in order to use up all the gain 
but minimise dispersion effects. Once all the gain is used up, the pulse is released from the 
resonator by the Pockel’s cell. Finally, the pulse is compressed in a similar way in which it 
was stretched. This time in the grating setup, the low frequency components travel a longer 
distance  than  the  high  frequency  components,  thus  causing  the  pulse  to  compress.  The 
resultant laser pulses have an average energy of 3 mJ with a FWHM of 40 fs.  
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Figure 2.15: Schematic of the CPA system. 
 
2.6.1.3 GRENOUILLE 
 
It is important to measure the temporal length of the laser pulses during experiments since 
small fluctuations will change the peak intensity of the laser and thus affect the generated 
XUV  radiation.  A  device  to  measure  the  temporal  length  of  an  ultrashort  pulse  is  a 
GRENOUILE (gating eliminated no nonsense observation of ultrafast incident laser electric 
fields). A GRENOUILE is essentially a slim line version of a FROG (frequency resolved 
optical gating) [75] and determines the length and phase of pulses as short as 20 fs [76]. One 
(a FROG 8 20 125) is inserted into the beam line after the laser amplifier with the use of a 
96:4 beam splitter to allow continuous monitoring of the laser pulses. Figure 2.16 displays a 
GRENOUILE trace of a 44 fs pulse from the CPA system used in this work. 
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Figure 2.16: GRENOUILE trace of a 44 fs pulse from the CPA system. 
2.6.1.4 Laser Beam Quality Factor 
 
The laser beam quality factor, also known as the M
2 parameter, quantifies the difference 
between the divergence of a real beam and that of a diffraction limited Gaussian beam with 
the same wavelength [77]. The M
2 will affect the focal spot size and thus the peak intensity 
of  the  focused  laser  beam.  As  such,  knowledge  of  the  M
2  of  the  laser  beam  allows 
appropriate  choice  of  focusing  optics  used  to  focus  the  laser  beam  in  the  HHG  setup. 
Assuming  a  monochromatic  source,  the  M
2  can  be  determined  from  spatial  intensity 
measurements of the laser through the focus and by using [78],  
 
    (2.23) 
 
where w(z) is the 1/e
2 half width of the spatial intensity of the beam, w0 is the 1/e
2 half width 
of the spatial intensity of the beam at the focus and z is the distance from the focus along the 
laser propagation axis. Work done by Butcher [79] gave an M
2 of 1.38 in x and 1.80 in y for 
the laser beam used in experiments discussed in this thesis. The laser focus is therefore 1.38 
times  larger  in  the  x direction  and  1.80  times  larger  in  the  y direction  than  that  of  a 
diffraction limited Gaussian beam.  
 
2.6.2 Vacuum Setup 
 
Following amplification, the laser has the option of being sent into two separate vacuum 
setups by a beam splitter. Both setups consist of their own XUV generation systems. The 
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vacuum setup used in the experiments documented in this thesis is shown schematically in 
Fig. 2.17.  
The vacuum setup is designed to reduce the amount of gas outside the HHG region 
and therefore reduce absorption from non generating gas. To remove the gas, two pumping 
towers that are approximately 15 cm in diameter and 30 cm high are placed either side of the 
HHG setup (gas jet or gas filled pipe). Each tower has a turbomolecular pump (Leybold 
TW300) placed on top and both are connected to a backing pump. These pumps enable 
pressures as low as 10
 6 mbar to be obtained inside the pumping towers. There is also an 
additional smaller pump (Leybold TW70) on the end of an XUV spectrometer
2 (Schulz 
Scientific Instruments LPS VUV NG1), which is also connected to a backing pump. The gas 
used in the generation of high harmonics is passed into the HHG setup through a 6 mm outer 
diameter pipe and can be maintained at a constant pressure using a TESCOM ER 3000 
controller. 
The laser is focused into the vacuum setup and toward a gas jet or gas filled pipe by a 
50 cm plano convex lens. The lens was chosen as a balance between confocal length (and 
thus potential length of generation region) and potential cut off wavelength. Approximately 
40 cm along from the XUV source is a filter holder that is mounted on a linear push/pull 
feed through. It consists of a train of four 1 cm diameter holes: one is open to allow gas to 
flow between chambers during pumping down, while the other holes each contain a 200 nm 
thick aluminium filter. These filters are designed to block the fundamental laser but allow 
significant transmission of XUV. In this way, a beam consisting of only XUV radiation can 
be used for scattering.  
                                                      
2 For more information on the XUV spectrometer, see Appendix A. 
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Figure 2.17: Top view schematic of the vacuum setup showing the generation setup and 
XUV spectrometer. 
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The  output  spectrum  of  the  generated  radiation  can  be  recorded  using  the 
microchannel plate XUV spectrometer that is placed further along the setup and the spatial 
variation in the intensity of the XUV beam can be recorded using a 1024 x 1024 pixel XUV 
charged coupled device (CCD) camera (Andor DX 434) that can be placed into the beam 
line in the extension chamber shown in Fig. 2.17. Further push/pull feed through systems 
include a mirror that can be used to monitor the laser beam and aid in the alignment of the 
laser beam through the HHG setup. 
Additional  diagnostic  apparatus  includes  a  1024  x  1024  pixel  visible  light  CCD 
camera (Pixis 400) and photomultiplier tube (PMT) placed perpendicular to the generation 
region and laser axis in order to spatially resolve and temporally resolve any fluorescence 
emitted from the generation region during HHG. 
2.6.2.1 Filters 
 
Depending on the wavelength of harmonics to be used for scattering and analysis using the 
spectrometer  and  CCD  camera,  the  correct  material  and  thickness  of  filter  needs  to  be 
chosen.  Different  metals  have  different  absorption  lengths.  For  example,  compared  to 
zirconium and gold, aluminium is very transmissive in the wavelength range ~ 20 60 nm 
(see Fig. 2.18). However, at around 10 nm the transmission of gold and zirconium is much 
better than aluminium. Therefore to enable high transmission of XUV radiation between 20 
and 60 nm, 200 nm aluminium filters are used. Such filters allow a transmission of ~ 10 % 
of XUV radiation and reduce the transmission of the fundamental wavelength (790 nm) by a 
factor of 10
8.  CHAPTER 2 
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Figure 2.18: Transmission through 200 nm of aluminium, gold and zirconium for XUV 
radiation between 10 and 60 nm. The data are taken from reference [17]. 
2.6.2.2 Photomultiplier Tube Setup 
 
To determine the temporal variation of any fluorescence observed from excited atoms and 
ions  created  by  the  intense  laser  in  the  HHG  region,  a  PMT  that  contains  a  GaAs 
photocathode  is  used  to  record  the  visible  fluorescence.  The  PMT  is  thermoelectrically 
cooled in order to reduce the thermal noise and thus improve the signal to noise ratio. The 
PMT is powered by a high voltage Brandenberg photomultiplier power supply set at 1500 V 
(see Fig. 2.19 for block diagram of setup). The output signal collected from the PMT is 
amplified  by  a  SR445  amplifier  and  sent  to  a  SR400  gated  photon  counter  that  has  a 
maximum  resolution of  5  ns.  The  counter  is  triggered  in  synchronization  with  the  laser 
pulses.  
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Figure 2.19: Block diagram of the configuration of the photomultiplier tube setup. 
 
2.7  Summary 
 
A background into the science and experimental apparatus used in the development of a 
table top XUV source has been provided. The process of HHG has been discussed, along 
with the limitations on output harmonic flux due to phase matching and gas absorption. A 
balance of generation conditions is necessary to produce high flux short wavelength XUV 
radiation suitable for nanoscale imaging. The influence of gas jet structure on HHG with the 
aim of maximising XUV flux from an argon gas jet is discussed in the next chapter.  
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3  Influence  of  Gas  Jet  Structure 
on XUV Generation 
 
3.1  Introduction 
 
As discussed in the background chapter, the generated harmonic flux is limited by a phase 
mismatch  between  the  fundamental  and  generated  harmonics,  as  well  the  density  of 
nonlinear material present – both of which are dependent on the gas geometry. To date, high 
harmonic generation (HHG) using a gas jet has been shown to be dependent on the position 
of the jet with respect to the focus along the laser axis [59]. This chapter discusses the result 
of focusing a highly intense ultrashort pulse laser at different points along the jet flow axis of 
an argon gas jet. 
 
3.1.1  Motivation 
 
In order to increase the extreme ultraviolet (XUV) flux needed for successful imaging, it is 
necessary to understand the structure of the gas region from which HHG is occurring. Gas 
jets used as sources for the generation of high harmonics have a complex 3 dimensional 
density and velocity profile [80,81]. Due to the dependence of HHG on the density of the 
gas, the harmonic output will therefore be different depending on the position of the focus 
within the jet. In addition, the variation in the density of the jet structure could potentially 
enable a versatile method of quasi phase matching to increase the harmonic flux.  
Many  experiments  have  been  done  using  light  to  study  gas  jets.  These  include 
experiments using laser induced fluorescence [82], Thomson and Rayleigh scattering [83], 
and linear Raman spectroscopy [84] to develop temperature and density maps of free jet 
expansion. In the work described here, the properties of an argon gas jet are determined by 
focusing  a  highly  intense  ultrashort  pulsed  laser  into  various  regions  within  the  jet  and 
imaging the emitted fluorescence from the gas. In doing so, an understanding of the jet’s 
structure  enables  work  in  exploring  its  influence  on  XUV  output  and  allows  the 
maximisation of XUV flux from the source. 
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3.2  Investigating  an  Argon  Gas  Jet  using  a  Femtosecond 
Laser 
 
3.2.1  Free Jet Expansion 
 
When gas in a nozzle is at a pressure higher than the background into which it is expanding, 
the jet expands rapidly, creating a shock wave known as the Mach disc. As such, regions of 
high and low velocities are present within the jet, with velocities of Mach number (M)  1 
present after the exit in a region known as the zone of silence and velocities M < 1 present at 
the Mach disc shock wave (see Fig. 3.1). The Mach disc is the densest region of the jet, 
while the zone of silence is the least dense region. There is also a barrel shock present 
around  the  zone  of  silence,  which  is  created  when  the  expanding  gas  collides  with  the 
background gas. In this region, the velocities of the gas particles are M > 1. The position of 
the Mach disc along the centreline (the axis along the centre of the nozzle and jet flow) for a 
circular nozzle is determined by, 
 
    (3.1) 
 
where d is the diameter of the jet nozzle, P0 is the input pressure in the nozzle and Pb is the 
ambient  background  pressure  around  the  jet  [80].  If  the  ratio  of  the  input  pressure  and 
background pressure is high enough, additional expansion and compression regions may be 
formed further down the jet. 
 
 
 
Figure 3.1: Diagram of free jet expansion from a nozzle. 
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Much work has gone into studying free jets [85],
 with solutions able to predict the 
general form of boundaries and other structures; though due to the complexity of jets, only 
approximate solutions exist. The dynamics of the jet are sensitive to pressure, as well as the 
type of gas (i.e. monotonic or diatomic etc.) and temperature. Several important parameters 
of the jet, such as the Mach disc to jet nozzle distance and the velocity of the gas in the zone 
of silence, can be calculated. 
 
 
Figure 3.2: Centreline velocity of gas particles in an argon gas jet as a function of distance 
from a 300  m diameter nozzle. The presence of the Mach disc is not taken into account in 
the calculation. The data are calculated using Equation 3.2. 
 
The velocity as a function of distance from the jet nozzle along the centreline can be 
determined by [86],  
 
  (3.2) 
 
where W is the molar average molecular weight of the gas, R the gas constant, T0 is the 
temperature of the gas, γ is a constant dependent on the type of gas species used and M, as 
mentioned already, is the Mach number. The Mach number is calculated using [86], 
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(3.3) 
 
Here, A, B, C and D are all constants depending on the type of gas species used and j is an 
integer that depends on the number of spatial dimensions considered (see Scoles [86] for 
values). 
As seen in Fig. 3.2, for free jet expansion of argon gas from a 300  m diameter hole, 
the velocity of the gas within the zone of silence can increase to over 500 m s
 1. Note that the 
position and effect of the Mach disc at the end of the zone of silence is not taken into 
account  in  the  calculation,  and  so  the  velocity  is  always  increasing  with  distance.  The 
maximum  velocity  achieved  will  be  limited  by  the  presence  of  the  Mach  disc  and  is 
therefore dependent on the input pressure – since input pressure affects the position of the 
Mach disc. 
In the work described in this thesis, the important properties of a gas jet are the Mach 
disc and zone of silence. Since the Mach disc and zone of silence are significantly different 
in density, when the laser is focused into these regions, they will have a different effect on 
the density dependent HHG. The velocity of the particles is important when viewing the 
geometry. This is because the observed spatial position of any fluorescence created during 
HHG will vary depending on the initial and subsequent velocity of the fluorescing atoms and 
ions within the jet.  
 
3.2.2 Experimental Setup 
 
In the experimental setup, a 790 nm, 1 mJ, 1 kHz, 40 fs pulsed laser is focused using a 50 cm 
lens into an aluminium cubed cell with sides 2 cm in length. Figure 3.3 is a photograph of 
the cell used to create an argon gas jet, while Fig. 3.4 is a schematic showing the way in 
which the cell is designed to work. Two sides of the cell are made of colourless acrylic to 
allow observation of the generation region. Argon gas was used as the nonlinear medium for 
HHG  since  strong  visible  emission  lines  from  excited  argon  atoms  and  ions  enable 
observation of the generation region. A 1024 x 1024 pixel charged coupled device (CCD) 
camera is used to image the geometry. The argon gas, supplied into the top of the cell, is 
passed out the base of the cell through a 300  m diameter hole in a 1.5 cm square, 2 mm CHAPTER 3 
39 39 39 39       
 
thick aluminium plate to create a gas jet. The base of the plate is 250  m above the laser axis 
so that the laser focus passes through the jet and generates high harmonics.  
The entrance and exit holes for the laser beam are 500  m in diameter – large enough 
to avoid clipping of the beam but small enough to restrict gas flow and avoid overloading of 
the turbomolecular pumps at high input pressures.  
 
 
 
Figure 3.3: Photograph of cell in vacuum setup. 
 
 
 
Figure 3.4: Side cross section schematic of the configuration of the cell used in the 
generation of XUV radiation. Gas is pumped through a 300  m hole in a plate to produce a 
gas jet. Laser is focused into the jet using a 50 cm focal length lens. 
 
3.2.3 Spatial Distribution of Fluorescence 
 
When an intense ultrashort pulsed laser is focused into a gas, highly excited states of atoms 
and ions can be created. A photon will be emitted when the excited electron undergoes 
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transition to a lower energy state. Depending on the gas and states created, fluorescence of 
different lifetimes  and wavelengths will be observed. In the case of excited  neutral and 
ionized  argon,  emitted  wavelengths  include  420  nm  and  488  nm  which  have  lifetimes 
ranging from microseconds down to nanoseconds, respectively. 
Figure 3.5 shows the spatial distribution of the fluorescence inside the cell viewed 
side on (perpendicular to the laser axis and jet flow axis) when the input pressure of gas is 
200 mbar. The image was captured using a CCD camera with a 488 nm band pass filter and 
a 600 nm short pass filter. The integration time was 5 seconds and the laser is focused from 
the left into the centre of the cell. The 0 mm height in this image and subsequent images of 
the jet throughout this chapter represents the level of the nozzle exit. This image and other 
images of the generation region throughout this thesis are displayed using a false colourmap.  
Fluorescence is present along the laser axis and extends several millimetres below the 
nozzle exit. Due to movement of the fluorescing atoms and ions within the jet, structure of 
the jet is observed. Evident from Fig. 3.5 is the Mach disc and barrel shock – visible as 
regions of high intensity which surround a region of low intensity corresponding to the zone 
of  silence.  The  fluorescence  along  the  laser  axis  either  side  of  the  jet  is  the  result  of 
excitation and ionization of gas that is not removed from the cell because of a low pumping 
throughput.  
 
   
 
Figure 3.5: Spatial intensity of the fluorescence inside the cell viewed side on using a 488 
nm band pass filter and a 600 nm short pass filter for a gas input pressure of 200 mbar. The 
integration time of the image is 5 seconds. The colour scale is saturated to aid in viewing of 
the jet structure. 
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Images of the jet taken at other pressures are shown in Fig. 3.6. From the images, it 
can be seen that as the pressure increases, the Mach disc moves further away from the jet 
nozzle. This is as expected from the theoretical model of a gas jet. 
 
 
Figure 3.6: Spatial intensity of the fluorescence inside the cell viewed side on using a 488 
nm band pass filter and a 600 nm short pass filter for gas input pressures of (a) 10 mbar, 
(b) 50 mbar, (c) 75 mbar and (d) 100 mbar. The integration time for each image is 5 
seconds. 
 
The variation in the structure of the jet along its centreline is apparent in Fig. 3.7. The 
plots are a single pixel slice of the intensity of fluorescence down the centreline of the jet at 
an input pressure of 10, 50, 100 and 200 mbar.  
 
 
 
Figure 3.7: Single pixel slice of the intensity of fluorescence along the centreline of the jet 
for gas input pressures of 10, 50, 100 and 200 mbar. 
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Labelled on the figure are regions corresponding to the laser axis, zone of silence, 
Mach disc and expansion region. The peak of the intensity of fluorescence is along the laser 
axis, indicating that the dominant fluorescence is short lived since the atom and ions have 
not travelled significantly far during fluorescence, even though are moving at high velocity 
(~ 500 m s
 1). Since fluorescence is also observed several millimetres down the jet, the 
observed fluorescence must also include emission from atoms or ions in longer lived excited 
states. 
To further understand the fluorescence and jet structure, the laser was focused at two 
other  positions  along  the  centreline  of  the  jet  so  that  initial  gas  velocity  and  density 
conditions were different. Figure 3.8 shows the observed fluorescence when focusing the 
laser 950  m and 1650  m directly below the exit of the jet nozzle. For comparison, the 250 
 m image is also displayed in the figure. Labelled on this image using dashed lines are the 
two other heights that the laser is focused (Fig. 3.8 (a)). In Fig. 3.8, the laser is exciting 
atoms and ions in different regions of the jet and so the subsequent fluorescence intensity is 
different for all three images. At a height of 250  m, the laser is focused into the zone of 
silence, however at 950  m, the laser is focused into the Mach disc and at 1650  m, the laser 
is focused into the expansion region. 
 
  
 
Figure 3.8: Spatial intensity of the fluorescence inside the cell viewed side on using a 488 
nm band pass filter and a 600 nm short pass filter for jet nozzle laser separations of (a) 250 
 m, (b) 950  m and (c) 1650  m and gas input pressure of 200 mbar. The dashed lines in (a) 
represent the two other heights, (b) and (c), that the laser is focused. The integration time 
for each image is 5 seconds. 
 
A single pixel slice of intensity of the fluorescence along the jet’s centreline for the 
three heights is displayed in Fig. 3.9. The peak fluorescence for an input pressure 200 mbar 
occurs at 950  m, since at this pressure and distance the laser is focused into the Mach disc 
where there is a high particle density. It is also possible to see a secondary shock at 2 mm in 
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Fig. 3.8 (b) – demonstrating the complexity of structure the gas jet. From Fig. 3.8, it is 
evident  that  the  intensity  of  fluorescence  is  greater  when  the  laser  is  focused  into  the 
expansion region than when it is focused into the zone of silence. This indicates a higher 
particle  density  in  the  expansion  region  than  the  zone  of  silence  in  this  geometry  and 
demonstrates the variation in density of the jet along its centreline. 
 
 
Figure 3.9: Single pixel slice of the intensity of fluorescence along the centreline of the jet 
for a gas input pressure of 200 mbar and jet nozzle laser separation of 250, 950 and 1650 
 m. 
 
Although the jet structure is visible when using a 488 nm band pass filter, by using a 
filter with a different band pass wavelength, fluorescence that has different lifetimes will be 
observed. By observing fluorescence dominated by a longer decay, regions further away 
from the laser axis should be more visible and will thus aid in the understanding of the 
generation region. Figure 3.10 displays the observed spatial intensity of fluorescence when 
using a 420 nm band pass filter instead of a 488 nm band pass filter
3. The image was taken 
when the input pressure of gas was 200 mbar and the jet nozzle laser separation was 250  m. 
In this image, the Mach disc is much more visible and there is a dip in the intensity of the 
fluorescence along the laser axis. This dip is not observed when using a 488 nm band pass 
filter (see Fig. 3.5). This suggests that by the time the majority of atoms and ions have 
                                                      
3 Note that a 600 nm short pass filter was not used with the 420 nm band pass filter. 
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fluoresced, they have already moved further down the jet. The observed fluorescence along 
the laser axis is also much broader spatially due to the atoms and ions having diffused 
further by the time they have fluoresced. 
  
 
Figure 3.10: Spatial intensity of the fluorescence inside the cell viewed side on using a 420 
nm band pass filter for a gas input pressure of 200 mbar. The integration time for the image 
is 5 seconds. 
 
On comparing the fluorescence recorded using a 420 nm band pass filter (Fig 3.10) to 
that recorded using a 488 nm band pass filter (Fig. 3.8 (a)), the Mach disc is in the same 
position – confirming that what is being observed is structure of the jet. 
  
3.2.4 Temporal Distribution of Fluorescence 
 
To verify that the observed emission consists of fluorescence with different lifetimes, the 
fluorescence from the jet as a function of time was recorded. Figure 3.11 (a) shows the 
fluorescence as a function of time over a period of 10  s for gas input pressures of 1, 10, 50, 
100 and 200 mbar. The nozzle exit was 250  m above the laser axis. The filter used in front 
of the photomultiplier was a 488 nm band pass filter while the signal collection was gated 
for a period of 100 ns and integrated over 1000 shots. It is evident from the plots, that the 
fluorescence is not just a simple exponential decay but has multiple rates of decay.  
Indeed, from Fig. 3.11 (b), which shows the fluorescence at 1 mbar input pressure 
over a period of 1  s using a 5 ns gating period (for higher temporal resolution to determine 
shorter decays), a ~ 10 ns decay is observed before the fluorescence intensity increases again 
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due to the decay of longer lived states. These results indicate that many transitions must be 
occurring to produce the temporal distribution of fluorescence that is observed.   
 
 
Figure 3.11: (a) Intensity of fluorescence as a function of time over a period of 10  s for gas 
input pressures of 1, 10, 50, 100 and 200 mbar. (b) Intensity of fluorescence as a function of 
time over a period of 1  s for a gas input pressure of 1 mbar. The data are displayed on a 
log10 scale. 
 
3.2.5 Mechanism of Fluorescence  
 
The multi photon excitation and tunnelling ionization of the argon in the high intensity laser 
field will create a population of excited states of argon atoms and ions (Ar* and Ar
+*). States 
with energy just below that of the first ionization potential of argon (15.8 eV), as well as 
those which converge on ionizations are likely to be created, 
   
  Ar + hv ￿ Ar*, Ar
+* or Ar** (metastable highly excited Ar)  (3.4) 
 
Many of the excited states will decay via fast radiative processes. In the case of Ar
+, some 
decays are relatively short,   
 
  Ar
+* (4p) ￿ Ar
+* (4s) + hv (488 nm), τ ~ 10 ns  (3.5) 
 
This 4s 4p emission is observed in the experiment as the ~ 10 ns decay seen in Fig. 3.11 (b) 
and is the dominant observed fluorescence when using a 488 nm band pass filter. The short 
decay  time  of  the  fluorescence  means  that  the  ions  will  travel  only  ~  5   m  during 
fluorescence within the zone of silence. 
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The dominant observed fluorescence when using a 420 nm band pass filter results 
from emission of Ar*, 
 
  Ar* (5p) ￿ Ar* (4s) + hv (420 nm),  τ ~ 1  s  (3.6) 
 
As discussed, in Fig. 3.10 there is a dip in the intensity of fluorescence observed at the centre 
of the jet along the laser axis and the fluorescence intensity is greater further down the jet. 
This is due to the state of Ar* (4s 5p) with a lifetime of ~ 1  s being the most dominant; by 
the time the majority of the excited atoms have fluoresced, they have travelled to the Mach 
disc.  
Although  the  420  nm  (4s 5p)  and  488  nm  (4s 4p)  emission  lines  are  the  most 
dominant [87], the filters have a FWHM band pass of ~ 10 nm and so fluorescence from 
other transitions will also be recorded on the images. For example, long lived states ( 1  s) 
such as 4p 3d at 490 nm will contribute to the overall fluorescence observed when using the 
488 nm band pass filter. This is why fluorescence is observed both along the laser line and at 
the  Mach  disc  of  the  jet  when  using  a  488  nm  band pass  filter.  Likewise,  other  states, 
including short lived states emitting at around 420 nm, will also contribute to the observed 
fluorescence when using the 420 nm band pass filter.  
In addition to the states described so far, the promotion of electrons to states other 
than the outer result in Rydberg states with an excited core configuration. Any of these 
Rydberg states which have a high orbital angular momentum can be very long lived, with 
lifetimes reaching 10  s [87]. At higher pressures, long lived doubly excited argon Rydberg 
states can also undergo Penning ionization [88]. In this process, metastable Ar** can collide 
with argon atoms in the jet (particularly in the regions of higher density) and produce Ar
+*, 
 
  Ar** + Ar ￿ Ar
+* + Ar + e
   (3.7) 
 
The Ar
+* will eventually decay to produce the 488 nm emission. This effect can be 
observed in the fluorescence decay at 200 mbar in Fig. 3.11 (a). The structure of the decay 
over the first 2  s is slightly different compared to that at other pressures, since at this 
pressure, the jet structure is more prominent and the number of collisions has increased. 
Some of the Ar** can also be produced from long lived doubly excited argon Rydberg states 
undergoing autoionization [89], 
  Ar** ￿ Ar
+* + e
   (3.8) 
 
This process is spontaneous and can occur at both high and low pressures. CHAPTER 3 
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3.2.6 Discussion 
 
Since the atoms and ions fluoresce after moving within the jet, the images are a convolution 
of the particle density, particle velocity, fluorescence lifetime and rate constant for decay 
from  excited  ion  to  excited  atom.  The  intensity  dependence  of  the  fluorescence  on  the 
particle number means that the data obtained can be used to estimate the pressure in the jet. 
Using a method proposed by Hirakawa et al. [90], the pressure is estimated by comparing 
the intensity of fluorescence from the argon gas jet to that of an argon filled cell at known 
pressure. At 200 mbar input pressure, the pressure of the Mach disc is estimated to be ~ 13 
mbar, while the pressure in the zone of silence is estimated to be ~ 6 mbar. 
The observed FWHM thickness of the Mach disc from Fig. 3.10 is ~ 300  m, which is 
in agreement to the calculated value of ~ 375  m, given by 0.5 XM ± 25 % [86]. In addition, 
the peak velocity in the zone of silence (estimated from the dominant decay time and XM) for 
an  input  pressure  of  200  mbar  is  estimated  to  be  420  m  s
 1,  which  is  comparable  to  a 
calculated value of ~ 500 m s
 1. 
Variation in the gas jet structure should also be observed when using other gases as 
well as gas mixtures. Due to the variation in gas jet structure, the conditions in which HHG 
is occurring will therefore vary depending on where the laser is focused within the jet. The 
output XUV signal from focusing the laser into various points along the centerline of an 
argon gas jet is discussed in the next section. 
 
3.3  XUV Signal from an Argon Gas Jet 
 
In order to understand HHG from different points along the centreline of the jet so that 
output XUV flux can be maximised, it is necessary to improve the setup so that the features 
of the jet are more prominent and clearer to interpret. A nozzle with a greater diameter was 
therefore created so that a larger gas jet could be produced. In addition, a larger chamber 
suitable  for  high  pumping  throughput  was  constructed  to  reduce  stagnant  gas  that  will, 
through both absorption and contribution of XUV signal, reduce any potential variation in 
the observed harmonic spectrum whilst varying the position of the laser focus within the jet. 
 
3.3.1  Experimental Setup 
 
Using a 50 cm focal length lens, the laser beam is focused into a small chamber that is 4 cm 
in diameter and 15 cm high (see Fig. 3.12). A 4 cm diameter, 1 mm thick, fused silica 
viewing  window  is  attached  to  the  side  of  the  chamber  so  that  the  jet  nozzle  and  the 
generation region can be monitored. Argon gas is passed through a 500 μm inner diameter CHAPTER 3 
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glass nozzle that is suspended inside the chamber. The nozzle can be moved vertically so 
that the position of the laser focus along the centreline of the jet can be varied. 
 
       
 
Figure 3.12: Side cross section schematic of the configuration of the generation setup. The 
jet nozzle has a diameter of 500  m. Using a 50 cm focal length lens, the laser is focused 
into a region below the exit of the nozzle where a gas jet is formed. 
 
Since the nozzle is larger than that in the previous section, the throughput of gas is 
greater for the same input pressure. In order to not to overload the turbomolecular pumps, it 
was not possible to achieve as high input pressure as before. The maximum input pressure 
used was 125 mbar. For reference, the end of the jet nozzle, pulled to an inner diameter of 
500  m and outer diameter of 900  m, is shown in the photograph in Fig. 3.13. The end is 
circular and so a cylindrically symmetric jet profile observed in the previous section can be 
expected from the jet expansion of gas from the nozzle. 
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Figure 3.13: Photograph of the glass nozzle exit. 
 
3.3.2 Spatial Distribution of Fluorescence 
 
To determine the region along the centreline of the jet that produces the maximum output 
XUV  flux,  the  generation  region  needs  to  be  monitored.  By  observing  the  fluorescence 
emitted when the laser is focused into the jet, the density profile of the generation region can 
be observed and the position of the laser focus with respect to the jet can be established.  
Figure 3.14 shows the spatial intensity of the fluorescence from an argon gas jet at 
an input pressure of 100 mbar. This image was taken over an integration time of 5 seconds 
using a CCD camera with a 420 nm band pass filter. The reason for using this filter was that, 
as demonstrated previously, the structure of the jet is more visible due to the longer decay 
time of the dominant fluorescence. Again, the dominant emission is produced from excited 
argon (Ar* (4s 5p)). In the image, the axis of the jet flow is vertically downward and the 
laser is propagating from left to right with the laser focus set at 1 mm below the nozzle exit.  
100 m  CHAPTER 3 
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Figure 3.14: Spatial intensity of the fluorescence inside the chamber viewed side on using a 
420 nm band pass filter for a gas input pressure of 100 mbar. The dashed lines indicate the 
four jet nozzle laser distances. The integration time for the image is 5 seconds. 
 
Upon looking at Fig. 3.14, it is clear that the jet structure is much more visible than 
with the previous setup. As expected, the Mach disc is further from the nozzle for the same 
input pressure.  
 
 
 
Figure 3.15: Spatial intensity of the fluorescence inside the chamber viewed side on at (a) 
25 mbar, (b) 50 mbar, (c) 75 mbar and (d) 100 mbar gas input pressure using a 420 nm 
band pass filter. The integration time for each image is 5 seconds. 
 
Again, as the input pressure is increased, the jet structure becomes more prominent and the 
Mach disc moves further away from the jet nozzle (see Fig. 3.15).  
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At input pressures of 50 mbar or higher, it is clear that by varying the position of the 
jet nozzle with respect to the laser over a distance of ~ 3 mm, the focused laser will be 
encountering a significantly different region of gas density. At 100 mbar (see Fig. 3.14), 
when the laser is focused at both 1 mm and 2 mm below the nozzle exit, the laser focus 
passes through the zone of silence. In this region, the gas has a high velocity (M  1) and 
low density. At 3 mm below the nozzle, the laser focus passes through the Mach disc shock 
which is a region of low velocity (M < 1) and high particle concentration. At 4 mm, the laser 
passes through the expansion region where the particles have velocities of M > 1. As seen 
from the side image, the fluorescence in regions with higher velocity and low density is less 
intense.  
The consequence on the spatial intensity of fluorescence when focusing at the other 
heights is presented in Fig. 3.16. When the laser is focused at different points along the jet 
flow axis, not only is the observed fluorescence different along the laser axis (where HHG 
occurs), but so is the fluorescence further down the jet. This is because the initial conditions 
(gas velocity and density) for the excitation and ionization are different. For jet nozzle laser 
distances of 1 mm and 2 mm, the laser is focused into the zone of silence where the density 
is low and so there is a dip in intensity of florescence along the laser axis. The difference in 
the scale and shape of the dip is due to the complex profile of the zone of silence.  
 
 
 
Figure 3.16: Spatial intensity of the fluorescence inside the chamber viewed side on at 100 
mbar input pressure for four jet nozzle laser distances of (a) 1 mm, (b) 2 mm, (c) 3 mm and 
(d) 4 mm. The integration time for each image is 5 seconds. 
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At  3  mm,  because  the  laser  is  focused  into  the  Mach  disc  where  the  density  is 
relatively high compared to other regions, the fluorescence intensity along the laser axis is 
high. The fluorescence from the Mach disc is approximately four times greater than the zone 
of silence. Again, the pressure in the argon gas jet is estimated by comparing the intensity of 
fluorescence from the argon gas jet to that of an argon filled cell at known pressure. At 100 
mbar input pressure, the pressure in the Mach disc is estimated to be ~ 25 mbar, while the 
pressure in the zone of silence is estimated to be ~ 6 mbar. From Fig. 3.16 (d), the intensity 
of fluorescence and therefore density along the laser axis at 4 mm (the expansion region) is 
at least half that observed from the Mach disc. As a point of note, a potential secondary 
Mach disc is seen at ~ 5.5 mm in both Fig. 3.16  (c) and Fig. 3.16 (d).  
From the observed fluorescence, it is clear that by focusing the laser into these four 
different levels of the jet, HHG will occur from regions of different density 
 
3.3.3 XUV Spectrum 
 
Figure 3.17 shows the spectra at four different jet nozzle laser distances for input pressures 
of  0 125  mbar.  The  spectra  were  recorded  using  an  XUV  spectrometer.  Although  the 
spectrometer will record the spatial variation in the spectrum (radial variation if beam is 
centred on slit, as in this work), in this instance, the spectrum has been spatially binned for 
ease  of  comparison.  The  integration  time  for  obtaining  each  spectrum  was  300  seconds 
(though the data in the plots have been normalised to 1 second for ease of quantifying). In all 
the plots, there is a similar number of harmonics. In addition, the intensity of the harmonics 
increases with pressure – suggesting that the generation is not limited by phase matching for 
gas pressures used here. The highest flux attainable for all pressures is at a jet nozzle laser 
distance of 3 mm.   CHAPTER 3 
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Figure 3.17: Intensity of the harmonic spectrum between 20 and 60 nm for four jet nozzle 
laser distances (a) 1 mm, (b) 2 mm, (c) 3 mm and (d) 4 mm as a function of input pressure. 
The data have been normalised to 1 second. 
 
Figure 3.18 compares the XUV spectrum obtained for a gas input pressure of 100 
mbar  when  the  jet  nozzle laser  distance  is  1,  2,  3  and  4  mm.  For  most  harmonics,  the 
intensity at 3 mm compared with the other positions is about four times greater. It is at this 
jet nozzle laser distance that the laser is focused into the Mach disc. 
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Figure 3.18: Intensity of the harmonic spectrum between 20 and 60 nm at 100 mbar for four 
jet nozzle laser distances 1, 2, 3 and 4 mm. The data have been normalised to 1 second. 
 
The  harmonic  with  highest  intensity  at  all  jet  nozzle laser  distances  is  the  19
th 
harmonic (H 19). The yield for this harmonic is plotted in Fig. 3.19 as a function of pressure 
for all four jet nozzle laser distances. The difference in intensity of the harmonic between 
the 3 mm jet nozzle laser distance and the other distances is greater at higher input pressures 
when the jet structure is significantly formed. It is apparent from both theoretical calculation 
and experimental observation, that the Mach disc is not at a distance of 3 mm from the 
nozzle until the input pressure is at least 75 mbar. Not only is the Mach disc present at 3 mm 
for an input pressure of 100 mbar, but due to the higher input pressure, the density of the 
Mach disc is greater. Due to the dependence of HHG on gas density, the harmonic yield is 
greatest when the laser is focused into the Mach disc. 
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Figure 3.19: Peak intensity of the 19
th harmonic as a function of pressure at jet nozzle laser 
distances 1 mm (circle), 2 mm (star), 3 mm (square) and 4 mm (triangle). The data have 
been normalised to 1 second. 
 
It is also evident from Fig. 3.19 that the intensity of the 19
th harmonic is higher at 50 
mbar than 75 mbar for a jet nozzle laser separation of 2 mm. At 2 mm, the Mach disc is 
present at an input pressure of 50 mbar, but not at an input pressure of 75 mbar. This can be 
seen from the fluorescence images in Fig. 3.20 which show predominantly the short lived 
488 nm emission from the jet at (a) 50 mbar and (b) 75 mbar for the 2 mm jet nozzle laser 
separation. There is a visible drop in fluorescence along the laser axis at 75 mbar compared 
to 50 mbar, indicating a region of less dense gas. Indeed, at 50 mbar the laser is focused into 
the Mach disc. However, at 75 mbar the laser is focused into the zone of silence and so the 
harmonic yield is less than at 50 mbar. 
HHG will not only occur at the very focus, but either side of the jet along the laser 
axis within the cut off region (the region in which the laser intensity is high enough to 
generate high harmonics). As such, although there is a dip in the fluorescence and therefore 
density at the zone of silence along the laser axis, the high density region around it, due to 
the barrel shock, will still contribute to the output XUV flux. Due to a similar total density in 
the generation region, the harmonic output from the zone of silence and expansion region is 
similar. 
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Figure 3.20: Spatial intensity of the fluorescence viewed side on using a 488 nm band pass 
filter and 600 nm short pass filter at a jet nozzle laser separation of 2 mm for gas input 
pressures of (a) 50 mbar and (b) 75 mbar. The integration time of the image is 5 seconds. 
 
3.3.4 Phase Matching Considerations and Analysis 
 
As long as the coherence length and the absorption length is longer than the generation 
region of the jet, higher intensity harmonics will be produced in regions of higher density. 
As discussed in Chapter 2, the buildup of the nonlinear signal through the length of the 
medium is determined by the phase matching between the fundamental laser and generated 
harmonics. The phase matching has contributions from the Gouy shift through the laser 
focus, the atomic phase and the refractive indices of the gas and plasma. Each of these terms 
contributes a wavevector mismatch,  k, between the fundamental and the harmonics, which 
leads to a coherence length, Lcoh = π/| k|, over which buildup of high harmonic signal will 
occur. 
The intensity of the output of the q
th harmonic can be written generally as [60], 
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is the absorption coefficient and  k is the total wavevector mismatch. The final bracketed 
term describes the contribution of phase matching to the output intensity of the q
th harmonic 
in the presence of absorption. This term reduces to sinc
2 ( kL/2) if α is zero.  
The  coherence  length  of  the  19
th  harmonic  for  long  and  short  trajectory  phase 
components at a pressure of 25 mbar (the pressure of the Mach disc at 100 mbar input 
pressure) is plotted in Fig. 3.21. The phase matching is dominated by the plasma at a beam 
radius of < 30  m due to the high level of ionization occurring at the laser focus. The 
coherence length at the centre of the beam focus is therefore small for both long and short 
trajectories  (see  Fig.  3.21  (a)  and  (b),  respectively),  and  HHG  from  this  region  will 
contribute almost no signal to the overall XUV yield.  
 
 
  
Figure 3.21: Coherence length of the 19
th harmonic as a function of radius and distance 
along the laser propagation axis for (a) long trajectories and (b) short trajectories at a 
pressure of 25 mbar. The data are calculated using Equation 2.21. 
 
When the ionization fraction is < 0.02, the contribution from the plasma index is 
significantly less and the gas index, atomic and Gouy phases become significant. This is the 
case  at the laser focus for beam radii > 30  m. For short trajectories at such radii, the 
coherence length for the 19
th harmonic is ≥ 1 mm, which is longer than the dimensions of the 
Mach  disc.  For  long  trajectories,  the  coherence  length  is  very  short  (   1  mm)  for  the 
majority of the focus and will contribute significantly less high harmonic signal than short 
trajectories.  
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Since the Mach disc has a maximum dimension less than the coherence length of the 
short trajectories and the absorption length (Labs > 1 mm at 25 mbar for H 19), the buildup of 
harmonic signal is not limited by the phase matching term or the absorption term in Equation 
3.9 at pressures used in this work. Instead, the harmonic signal is limited by the density of 
gas (and also the length of the medium). This is confirmed in Fig. 3.22, which displays the 
intensity for the 19
th harmonic as a function of pressure with a quadratic curve fitted using 
the 1 mm data. In regions where the jet’s spatial structure does not change rapidly with 
pressure (i.e. at low pressures or either close to the nozzle or beyond the Mach disc), the 
overall quadratic dependence of harmonic output does not deviate with pressure. For regions 
where there is a dip in the density (and thus harmonic signal) due to the zone of silence, 
there is a contribution from the barrel shock and so the quadratic behaviour is maintained.  
 
 
 
Figure 3.22: Peak intensity of the 19
th harmonic as a function of pressure for different jet 
nozzle laser separations, showing deviation from quadratic at 2 mm (at 50 mbar) and 3 mm 
(around 100 mbar). 
 
The quadratic behaviour breaks down significantly when the Mach disc is at the laser 
focus (at 50 mbar for a height of 2 mm and at around 100 mbar for a height of 3 mm). This 
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is  due  to  the  formation  of  the  high  density  Mach  disc,  which  contributes  further  signal 
without being limited by phase matching. For reference, Figure 3.23 shows the predicted 
position  of  the  Mach  disc  as  a  function  of  input  pressure,  using  Equation  3.1.  The 
background pressure used in the calculation is estimated from the fluorescence images to be 
~ 1.5 mbar. Although there may be a contribution to the overall harmonic flux from the 
stagnant  gas,  its  density  is  low  and  approximately  the  same  for  all  jet  nozzle laser 
separations. 
 
 
Figure 3.23: Estimated Mach disc position as a function of input pressure. The data are 
calculated using Equation 3.1 with a background pressure of 1.5 mbar. 
 
The variation in XUV signal seen in the experiment is thus attributable to the density 
structure of the gas jet rather than phase matching. Since the coherence length is longer than 
the Mach disc, the limiting factor in harmonic flux is not the phase matching. The absorption 
length of argon at 25 mbar for the 19
th harmonic of the laser is ~ 1 mm and so generation is 
not absorption limited for a 500  m Mach disc width at pressures used in this work. Note 
that for wavelengths close to 20 nm, the Cooper minimum present in the photoionization 
cross section of argon [91] limits the output XUV flux [92,93].  
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Figure 3.24: Fundamental spectrum taken at 100 mbar (blue), 0 mbar (red) and before the 
lens (green). 
 
Since HHG is occurring from a relatively short, low pressure region, the nonlinear 
propagation effects are negligible. Indeed, Fig. 3.24 shows that there is negligible change in 
the fundamental spectrum from when the laser is focused into the Mach disc at an input 
pressure of 100 mbar to when there is no gas present. For reference, the spectrum before the 
focusing lens is also plotted. The spectra were recorded after the generation setup using an 
Ocean  Optics  HR2000CG  spectrometer.  The  small  difference  in  the  spectrum  in  going 
through the lens is due to nonlinear propagation through the fused silica lens and windows of 
the  vacuum  chamber.  The  spatial  intensity  of  the  beam  was  also  monitored  after  the 
generation  setup  and  there  were  no  visible  signs  of  nonlinear  propagation  changing  the 
spatial structure. 
 
3.3.5 Discussion 
 
Although the position for maximising harmonic signal from along the centreline of the argon 
gas jet has been determined, the flux needs to be increased further for HHG to be a source of 
XUV  radiation  suitable  for  nanoscale  imaging.  With  integration  times  of  300  seconds 
required to obtain each spectrum, the recorded flux from HHG using an argon gas jet under 
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the  experimental  conditions  described  in  this  work  is  relatively  low  compared  with 
generating using an argon filled capillary under similar experimental conditions [32]. To 
further increase the XUV signal, the density and/or length of the generation region also 
needs to be increased. In the next chapter, the result of generating harmonics from a larger 
and denser volume of gas is documented. In addition, by scanning the laser focus through 
the gas, the position for maximising harmonic signal along the laser axis is established.  
 
3.4  Summary  
 
The determination of the structure of an argon gas jet using a loosely focused, highly intense 
femtosecond laser has been demonstrated. By using the observed fluorescence from the jet 
during HHG to position the jet with respect to the laser focus, the variation in harmonic 
output along the centreline axis of the jet has been established. At an input pressure of 100 
mbar, an increase in XUV yield of ~ 350 % was achieved by focusing the laser into the 
Mach  disc  of  the  gas  jet.  As  such,  the  position  of  the  laser  focus  with  respect  to  the 
centreline axis of the jet flow is an important parameter in the generation of harmonics. 
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4  Optimization of XUV Source 
 
4.1  Introduction 
 
In  the  previous  chapter,  high  harmonic  generation  (HHG)  from  an  argon  gas  jet  was 
achieved. Variation in output extreme ultraviolet (XUV) flux along the jet flow axis at the 
laser focus was demonstrated, with maximum output flux being obtained when focusing the 
laser  into  the  Mach  disc  of  the  jet.  However,  the  very  centre  of  the  laser  focus  is  not 
necessarily  the  best  location  along  the  laser  axis  to  position  the  gas  in  order  to  obtain 
maximum output flux. Depending on the gas density profile of the generation region and the 
phase matching, the optimum position of the gas region along the laser axis for maximising 
flux will vary for different harmonics. For regions of good phase matching (coherence length 
> length of generation region), a longer or denser region should allow a greater coherent 
buildup  of  harmonic  flux.  The  absorption  length,  which  is  different  for  each  harmonic, 
decreases with increasing pressure. At gas pressures when the absorption length becomes 
shorter  than  the  coherence  length,  the  absorption  will  limit  the  generation.  This  chapter 
discusses  HHG  from  an  argon filled  pipe  at  various  positions  along  the  laser  axis.  The 
region of gas within the pipe is longer and denser than the argon gas jet used in experiments 
in the previous chapter  
 
4.1.1  Motivation 
 
A high flux XUV source is desired for coherent diffractive imaging (CDI) of nanoscale 
objects. By using high flux radiation, a high signal to noise can be obtained and a high 
resolution of imaging can be achieved. The most intense harmonic observed using an argon 
gas jet was the 19
th harmonic. Since imaging resolution is limited by the wavelength of light 
used, it is necessary to develop a source with a peak harmonic wavelength much shorter for 
higher  resolution  imaging.  Another  goal  is  to  generate  monochromatic  radiation.  Such 
radiation will also increase the imaging resolution (see Chapter 5 for further discussion). The 
minimum number of harmonics observed via generation in an argon gas jet in the previous 
chapter  was  six.  The  number  of  harmonics  therefore  needs  to  be  reduced.  Although 
apparatus such as an XUV mirror can be used to single out harmonics for scattering, such CHAPTER 4 
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mirrors attenuate the radiation and are usually optimized to work for a specific wavelength 
only  [94,95].  An  alternative  method  of  monochromating  the  spectrum  is  preferred.  By 
translating the laser focus through the argon filled pipe, an understanding of the generation 
region along the laser axis can be gained and the position to obtain maximum flux can be 
determined. The results will lead to methods using modulated gas regions for quasi phase 
matching (QPM) (such as multiple gas pipes or jets) to generate high flux short wavelength 
monochromatic XUV light. 
  As discussed in the literature, the position of the generation medium along the laser 
axis for maximum output flux varies depending on the experimental conditions (due to the 
different  scale  of  the  contributions  to phase  matching).  For  example,  Balcou  et  al.  [96] 
discuss the generation of the 13
th harmonic from a 1 mm wide xenon gas jet at a pressure of 
10 mbar, for peak laser focus intensities between 1.1 x 10
13 W cm
 2 and 6.4 x 10
13 W cm
 2, 
and a confocal length of 3 mm. Highest harmonic yield is achieved when the laser is focused 
before the generating medium at low laser intensities but after the medium at high laser 
intensities
4. Lindner et al. [39] discuss phase matching of the 25
th harmonic in argon at 10 
mbar where both the generation region and confocal length are 100  m long, and the peak 
intensity of the laser beam is 3 x 10
14 W cm
 2. From both theory and experimental results, 
highest harmonic flux is obtained when the gas medium is positioned after the focus.  
The conditions described in the literature for HHG using a gas pipe or jet are different 
compared to that used in this project – the confocal length and generation region is generally 
shorter,  and  the  ionization  fraction  is  usually  lower.  Furthermore,  the  absorption  of  the 
harmonics is usually neglected due to the low pressure and short length of generation region, 
and the complex density profile of jets has not been discussed. The density profile and 
absorption of the gas within and expanding from an argon filled pipe at high pressures must 
be  considered  when  the  length  of  the  generation  medium  is  longer  than  the  absorption 
lengths of the harmonics. This is the case at high pressures used in experiments discussed in 
this chapter. Since the conditions in this work are different from that documented in the 
literature, it is necessary to investigate the optimum position along the laser axis of the 
argon filled pipe in order to develop a source suitable for nanoscale CDI. 
 
4.2  XUV Generation using an Argon-Filled Pipe 
 
It has been shown that when focusing an intense ultrashort pulsed laser into an argon gas jet, 
an increase in output harmonic flux is observed when focusing into a denser region of the jet 
(the Mach disc). Since the coherence length is longer than the Mach disc in the experimental 
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conditions used, using a longer or denser region of gas will increase the flux as long as the 
absorption  length  and  coherence  length  do  not decrease  significantly.  Limitations  in  the 
pumping system mean that a significantly larger jet nozzle cannot be used because the gas 
throughput would be too high at high input pressures. It is therefore necessary to use a gas 
geometry such as a gas filled pipe that could accommodate a large volume of gas and restrict 
the gas flow.  
By using an argon filled pipe as the generation medium instead of an argon gas jet, 
gas flow can be restricted by having relatively small entrance and exit holes for the laser to 
pass through, and a longer generation region can be obtained. A longer region of gas will 
enable a longer cumulative buildup of high harmonic flux. In addition, by increasing the 
pressure within the region, a greater number of atoms will undergo HHG and the output flux 
should therefore increase. However, due to the variation in the phase matching throughout 
the focus, the generation will vary along the laser axis. In this section, the laser focus is 
translated  through  the  argon filled  pipe  to  understand  HHG  along  the  laser  axis  and 
determine the position to obtain maximum flux. Although the high levels of ionization at the 
centre of the focus limit the output harmonic flux, the focusing conditions remain the same 
so that a comparison of HHG using an argon filled pipe and an argon gas jet can be made. 
 
4.2.1  Experimental Setup 
 
The experimental setup is similar to that described in the previous chapter. A 790 nm, 1.1 
mJ, 1 kHz, 40 fs pulsed laser from a Ti:sapphire system is focused using a 50 cm lens to give 
a confocal length of 1.3 cm inside a cross piece vacuum chamber. On this occasion however, 
the chamber houses an argon filled pipe with 500  m holes drilled through it. Figure 4.1 
displays a photograph of the of the vacuum chamber and gas pipe used in the generation 
setup, while Fig. 4.2 shows the corresponding schematic.  
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Figure 4.1: Photograph of generation setup consisting of a vacuum chamber containing a 
gas pipe. 
 
The chamber is attached between adjustable bellows to allow alignment of the laser 
through the argon filled pipe. The pipes at the side of the chamber have been replaced with 
pipes with a larger inner diameter to allow higher pumping throughput and enable a lower 
background pressure within the chamber. The width of the argon filled pipe at the laser 
focus is 3 mm. Argon gas is passed through the pipe and out through 500  m diameter holes 
that allow the laser to pass through, so that HHG can occur from the argon gas. The gas is 
then passed out the base of the chamber through a 16 mm pipe to a backing line.  
Although the input pressure used in the experiment is less than that in the previous 
chapter, the actual pressure of the gas in the generation region is higher. The pressure in the 
pipe is estimated to be approximately the same as the input. In this work, the input pressure 
is 40 mbar.  
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Figure 4.2: Side cross section schematic of the configuration of the generation setup. Laser 
is focused using a 50 cm focal length lens through an argon filled pipe. 
 
The  position  of  the  laser  focus  with  respect  to  the  argon filled  pipe  is  varied  by 
translating the lens. A 1.5 mm silica window at the side of the chamber (perpendicular to the 
laser axis and jet flow axis) allows observation of the geometry. The spatial distribution of 
the fluorescence and the output harmonic spectra from the argon gas were recorded every 1 
mm translation of the laser focus through the pipe for a total of 38 mm (20 mm before and 
18 mm after the argon filled pipe). The fluorescence images are recorded to allow accurate 
determination of the laser focus with respect to the argon filled pipe. 
 
4.2.2 Spatial Distribution of Fluorescence 
 
As observed in the previous chapter, fluorescence emission occurs from highly excited argon 
atoms and ions created when a very intense laser is focused into argon gas. The observed 
spatial distribution of the intensity of fluorescence inside the chamber (viewed perpendicular 
to the laser and pipe axes) when the argon filled pipe is positioned at the laser focus is 
shown in Fig. 4.3. The input pressure in the pipe is 40 mbar. The observed fluorescence is 
recorded using a 1024 x 1024 pixel charged coupled device (CCD) camera. A 420 nm band 
pass filter is used in front of the CCD camera to allow imaging of fluorescence from long 
lived (~ 1  s) excited argon atoms. Again, a false colourmap is used in all the fluorescence 
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images presented in this work. The laser is focused from left to right in the image at a height 
of 0 mm and is centred at a distance of 0 mm. The pipe is vertical in the image and is also 
centred at a distance of 0 mm. 
 
   
 
Figure 4.3: Spatial intensity of the fluorescence inside the chamber viewed perpendicular to 
the laser and pipe axes for an input pressure of 40 mbar, when the argon filled pipe is at the 
laser focus. The image is recorded using a 420 nm band pass filter. 
 
The dip in fluorescence intensity at the centre of the image is because the walls of the 
pipe block any fluorescence emitted from argon gas inside the pipe from view. Although the 
largest high pressure region is in the pipe, from the fluorescence it is evident that significant 
gas is present either side of the pipe along the laser axis. Even though a gas pipe is used, the 
entrance and exit holes where the laser passes through act like nozzles and so gas jets are 
produced when gas is passed through the pipe. In this instance, the gas jets are parallel to the 
laser axis. Evident from the images on both sides of the pipe are zones of silence and Mach 
discs.  
The fluorescence intensity profile from the jet expansion is made clearer by taking 
single pixel slices of the intensity of fluorescence along the laser axis, as displayed in Fig. 
4.4. The peak in the fluorescence intensity at 1.5 mm either side of the pipe is emission from 
excited atoms and ions in the initial expansion fan. The zones of silence and Mach discs can 
be seen at 3 mm and 4 mm respectively either side of the pipe. Also, a secondary zone of 
silence is formed further along the laser axis on both sides of the pipe. This can be seen at  6 
mm and 6 mm with respect to the centre of the pipe. However, the second zone of silence is 
much denser than the first and is shorter in length. A second Mach disc follows the second 
zone of silence. Due to the limitations of the data and setup, it is not possible to observe the 
rest of the fluorescence from the jet expansion either side of the pipe. 
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Figure 4.4: Single pixel slice of intensity of fluorescence along the laser axis at the laser 
focus using a 420 nm band pass filter for an input pressure of 40 mbar, when the argon 
filled pipe is at the laser focus. 
 
Estimates  of  the  pressure  in  the  Mach  discs  and  the  background  are  important  in 
understanding the generation and absorption in the experiment. Although the jet structure is 
visible  when  observing  the  fluorescence  of  the  420  nm  emission,  estimates  of  the  gas 
pressure in the generation region are made from the spatial intensity of fluorescence of the 
488 nm emission. This is due to short decay (~ 10 ns) of the dominant 488 nm Ar
+* (4s 4p) 
emission  allowing  observation of  a  more  instantaneous  density profile  of  the  generation 
region.  For  reference,  Fig  4.5  displays  spatial  intensity  of  fluorescence  from  the  initial 
expansion, zone of silence and the Mach disc after the argon filled pipe when using a 420 
nm band pass filter (top half) and a 488 nm band pass filter (bottom half). The 420 nm 
fluorescence is much broader spatially than the 488 nm fluorescence due to the atoms and 
ions having diffused further by the time they have fluoresced. 
Comparing the intensity of fluorescence of the 488 nm emission at 40 mbar with that 
at known pressure, the peak pressure in the Mach disc is estimated to be ~ 10 mbar, while 
the  pressure  in  the  zone  of  silence  is  estimated  to  be  ~  2  mbar.  Using  the  equation  to 
calculate the position of the Mach disc [80],  
 
    (4.1) 
 
where d is the diameter of the jet nozzle and P0 is the input pressure in the nozzle, the 
ambient background pressure Pb in the chamber can be calculated. At an input pressure of 40 
mbar, the background pressure in the chamber is estimated to be 0.5 mbar. 
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Figure 4.5: Section of the spatial intensity of the fluorescence after the pipe for an input 
pressure of 40 mbar, when the argon filled pipe is at the laser focus. The top half of the 
image is recorded using a 420 nm band pass filter, while the bottom half is recorded using a 
488 nm band pass filter. The data have been normalized to 1 count. 
 
For reference, Fig. 4.6 displays a simple plot of the relative position of the pipe with 
respect  to  the  laser  propagation  axis.  The  position  of  the  pipe  5  mm  after  the  focus  is 
represented in purple, whereas the position of the pipe 5 mm before the focus is represented 
in green. A contour representing the spatial cut off of the 25
th harmonic for experimental 
conditions used in this work is also plotted to aid in understanding. 
 
 
 
Figure 4.6: Plot of the relative position of the pipe with respect to the laser propagation 
axis. A contour plot of the spatial cut off of the 25
th harmonic is also plotted. The data are 
calculated using Equation 2.4. 
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4.2.3 XUV Spectrum 
 
As demonstrated in the previous chapter, when a highly intense ultrashort pulsed laser is 
focused into argon gas, high harmonic XUV radiation will be generated. For generation from 
an argon filled pipe, the output high harmonic spectrum for an input pressure of 40 mbar 
was obtained every 1 mm position that laser focus was translated. The high harmonic spectra 
were recorded using an XUV spectrometer. Each spectrum was integrated for 30 seconds 
(though the data in the plots have been normalised to 1 second for ease of quantifying). The 
radially summed intensity of the XUV harmonic spectra for pipe positions  10, 0 and 10 mm 
with respect to the laser focus is shown in Fig. 4.7. It is clear that at the three positions 
displayed, there is a difference between the spectra. More harmonics are observed at 10 mm 
and at 0 mm than at  10 mm. In addition, the intensity of the harmonics is greater at  10 mm 
than at 0 and 10 mm. There is also little spectral broadening and spectral splitting in the 
harmonics. 
 
 
 
Figure 4.7: Intensity of harmonic spectrum between 20 and 60 nm at an input pressure of 40 
mbar for pipe positions  10, 0 and 10 mm with respect to the laser focus. The data have been 
normalised to 1 second. 
 
The spectra displayed in Fig. 4.7 have been summed spatially along the radius of the 
XUV beam. However, the spatial intensity profile of the XUV beam is important in CDI and 
so it is necessary to examine the spatial profile of the harmonics. Figure 4.8 shows the far 
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field spatial intensity of the harmonic spectrum at an input pressure of 40 mbar for pipe 
positions  10, 0 and 10 mm. As discussed in the background chapter, harmonics generated 
from  long  trajectories  electrons  will  be  more  divergent  than  short  trajectories  electrons. 
Therefore when viewing the output spectrum as a function of radius, it is possible to see the 
contributions from the two paths. Although there is no clear boundary between contributions 
from long and short trajectories, generally, the signal at the spatial centre of the XUV beam 
and harmonics will be mainly from short trajectories and the outer regions will be mainly 
from long trajectories [97,98].  
 
 
 
Figure 4.8: Far field spatial intensity of the harmonic spectrum between 20 and 60 nm at an 
input pressure of 40 mbar for pipe positions  10, 0 and 10 mm with respect to the focus. 
Inset: spatial intensity of the 25
th harmonic for an input pressure of 40 mbar and pipe 
position of 0 mm. The data have been normalised to 1 second. 
 
From examination of the spectra displayed in Fig. 4.8, the harmonics can be separated 
into three approximate sections: the top and lower correspond to generation mainly from 
long trajectories and the middle corresponds to generation mainly from short trajectories. 
This  is  shown  in  the  inset  of  Fig.  4.8,  which  displays  the  spatial  intensity  of  the  25
th 
harmonic at a pipe position of 0 mm. In this inset, the short trajectories contribute most to 
the output harmonic intensity. It is evident from Fig. 4.8 that the spectra throughout the 
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focus are dominated by short trajectories. However, the contribution from long trajectories is 
greater when the pipe is positioned after the focus. As the lens focus is translated through the 
pipe,  the  contribution  from  short  trajectories  increases  significantly  more  than  the 
contribution from long trajectories.  
The result of the increase in contribution from short trajectories causes a decrease in 
the spatial FWHM of the harmonics. This narrowing of the beam can be seen in Fig. 4.9, 
which displays the summed spatial intensity of the 25
th harmonic as a function of radius for 
pipe positions  10, 0 and 10 mm. It is also evident that the spatial intensity of the harmonic 
fluctuates significantly less when the pipe is positioned 10 mm before the laser focus due to 
the greater contribution from short trajectories and a higher signal to noise. Such behaviour 
is  also  observed  for  other  harmonics.  Note  that  minimal  fluctuation  in  harmonic  spatial 
intensity and thus spatial beam profile is desired for nanoscale imaging.  
 
 
 
Figure 4.9: Intensity of the 25
th harmonic as a function of radius for an input pressure of 40 
mbar for pipe positions  10, 0 and 10 mm along the laser focus. The data have been 
normalised to 1. 
 
To get a clear understanding of the generated XUV harmonics through the whole 
focus, the peak intensity of harmonics 15 to 27 as a function of distance through the laser 
focus is plotted in Fig. 4.10. Although the gas density profile in the setup is symmetric about 
the pipe, the XUV output is not symmetric about the focus. Indeed, the harmonic intensity of 
most harmonics is much higher when the pipe is positioned before the laser focus. For most 
positions throughout the focus ( 10 mm to 10 mm), the three harmonics, H 23, H 25 and H 
27 are the most intense. The maximum harmonic intensity at an input pressure of 40 mbar is 
nearly five times that when the pipe is positioned 7 mm before the laser focus than 7 mm 
after. This is the case for the 25
th harmonic when the pipe is  7 mm. Much less intensity and 
variation in intensity is observed for the lower harmonics in the XUV spectra. 
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Figure 4.10: Peak intensity of harmonics as a function of pipe position with respect to the 
laser focus at an input pressure of 40 mbar. The data have been normalised to 1 second. 
 
4.2.4 Phase Matching Considerations and Analysis 
 
The coherence length (the length over which coherent buildup of high harmonic signal will 
occur), Lcoh = π/| k|, of the 25
th harmonic at the laser as a function of radius and distance for 
long  and  short  trajectory  phase  components  at  40  mbar  is  displayed  in  Fig.  4.11.  The 
coherence length is calculated from the wavevector mismatch,  k, between the fundamental 
and the harmonics resulting from the Gouy phase, atomic phase, neutral gas dispersion and 
the plasma dispersion.  
Upon looking at the plots, it is clear that the phase matching is slightly asymmetric 
about the laser focus for both long and short trajectories. For both long and short trajectories, 
due to the high level of ionization, the coherence length is shortest at the focus. From the 
coherence lengths plot, it is evident that for the 25
th harmonic, the contribution from long 
trajectories will be greater when the pipe is placed after the focus than before. Contributions 
from long trajectories have coherence lengths that are shorter than those of short trajectories, 
especially before the focus. With coherence lengths of < 0.5 mm throughout most of the 
generation  region,  significant  coherent  buildup  is  not  achieved,  even  with  the  long 
generation  region.  This  is  observed  experimentally  (see  Fig.  4.8).  For  short  trajectories, 
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regions with coherence length over 1 mm exist both before and after the focus. The longer 
region  of  generation  of  the  argon filled  pipe  means  that  short  trajectories  which  have 
coherence lengths ≥ 0.5 mm can achieve greater coherent buildup than with the argon gas 
jet. Indeed, the harmonic signal is significantly greater than generating using the 500  m 
wide  argon  gas  jet.  Note  that  generally,  the  coherence  lengths  of  both  long  and  short 
trajectory phase components are longer for lower harmonics. This can be seen in Fig. 4.12, 
which shows that the coherence length for short trajectories of the 17
th harmonic at 40 mbar 
is as long as 8 mm. 
 
 
Figure 4.11: Coherence length of the 25
th harmonic as a function of radius and distance 
along the laser propagation axis for (a) long trajectories and (b) short trajectories at a 
pressure of 40 mbar. The data are calculated using Equation 2.21. 
 
The difference in the XUV spectra before and after the focus is due to absorption. A 
plot of the absorption length in argon for the 15
th to 35
th harmonic is displayed in Fig. 4.13 as 
a function of pressure. As seen from the plot, absorption is greater at higher pressures and 
lower harmonics. At a pressure of 2 mbar (the estimated pressure in the zone of silence), 
most of the harmonics have an absorption length > 2 mm. However, at a pressure of 10 mbar 
(the estimated pressure in the Mach disc), the absorption length of harmonics 15 to 23 has 
decreased to < 4 mm. For the 25
th harmonic and above, the absorption length is > 5 mm at 10 
mbar, which is greater than the maximum coherence length and so is not a limiting factor in 
the cumulative buildup for such a harmonic. The absorption is even greater at 40 mbar (the 
pressure of the gas inside the pipe). At such pressure, the absorption length has decreased to 
<  0.5  mm  for  the  19
th  to  23
rd  harmonic,  thus  limiting  the  buildup  of  harmonic  signal. 
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Although the absorption length has decreased for the higher harmonics (H 25 and above), 
the length is still longer than the coherence length and region of gas, meaning that maximum 
cumulative buildup can be achieved for such harmonics.  
 
 
 
Figure 4.12: Coherence length of the 17
th harmonic as a function of radius and distance 
along the laser propagation axis for (a) long trajectories and (b) short trajectories at a 
pressure of 40 mbar. The data are calculated using Equation 2.21. 
 
However, as seen from the fluorescence image in Fig. 4.3, a significant amount of gas 
is present either side of the pipe where the gas jets are formed. Although signal will be 
generated from the Mach discs before the pipe when the pipe is after the focus, the gas after 
the pipe (further along the laser propagation axis) is outside the spatial cut off where the 
laser intensity is high enough to generate XUV radiation and so does not contribute to the 
output signal. Any harmonics generated when the gas pipe is after the focus will therefore be 
strongly absorbed by the gas jet formed along the laser propagation axis which does not 
generate high harmonics. The absorption length in the each of the Mach discs is ~ 5 mm for 
the 25
th harmonic, which is approximately the combined length of the Mach discs and the 
expansion region. As such, approximately 63 % of the harmonic’s signal generated within 
the pipe will be absorbed by the time it has propagated through the non generating gas. The 
harmonic intensity is therefore significantly reduced when the pipe is positioned after the 
laser focus (see Fig. 4.14 for a simple plot of the gas density profile from the argon filled 
pipe positioned after the laser focus). 
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Figure 4.13: Absorption length in argon as a function of harmonic and pressure. The data 
are taken from reference [17]. 
 
It is only when the pipe is located before the laser focus that gas from both the pipe 
and the Mach discs further along the laser propagation axis will contribute to the generation. 
The harmonic intensity is greater when the pipe is before the focus since the amount of 
absorbing  gas  outside  the  generation  region  further  along  the  laser  propagation  axis  is 
significantly less. Although there is still gas further along the laser propagation axis which is 
outside the cut off region, the density of the jet at this point is negligible. The absorption 
length of the background gas in the chamber is > 10 mm for XUV harmonics.  
It is evident that from the spectra in Fig. 4.7, harmonics 29 to 35 are weaker than the 
other harmonics for all positions along the laser axis. Even though it is possible to generate 
harmonics with wavelengths as short as 20 nm (H 39), because of the Cooper minimum 
present in the photoionization cross section of argon [91], harmonics close to 20 nm will be 
less intense than harmonics of much shorter or longer wavelengths [92,93]. In addition, due 
to  a  short  coherence  length  and  small  region  in  which  the  intensity  is  high  enough  to 
generate harmonics 29 and above, the length over which significant coherent buildup can 
occur  is  therefore  small  for  harmonics  29  and  above.  The  output  harmonic  intensity  is 
therefore less than for the lower harmonics. These high harmonics are more intense when the 
pipe is located after the focus due to better phase matching. The long absorption length (~ 10 
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mm) means that harmonics generated when the pipe is placed after the focus will still be 
transmitted through the non generating gas further along the laser propagation axis.  
 
 
 
Figure 4.14: Plot displaying a simplified density profile of the gas from the argon filled pipe 
positioned after the laser focus. A contour plot of the spatial cut off of the 25
th harmonic is 
also plotted. The data are calculated using Equation 2.4. 
 
Although at both 10 mm and  10 mm the pipe is placed outside the spatial cut off of 
many harmonics (see Fig. 4.15), such harmonics are still observed due to the width of the 
gas region extending into the cut off regions. Eventually however, when the pipe position is 
far enough from the centre, the majority of gas from the pipe and jet expansions will be 
outside the cut off for all harmonics between 20 60 nm, and so the XUV flux will drop to 
zero.  
 
 
Figure 4.15: Contour plot of the spatial cut off at the laser focus for various harmonics. 
Labelled on the plot is the region of 100 % ionization. The data are calculated using 
Equation 2.4. 
 
Note that the slight modulation in the intensity of the harmonics through the focus 
seen in Fig. 4.10 is perhaps due to the profile of the gas region. The density of the gas along 
the laser axis is itself modulated due to the jet expansion either side of the pipe along. The 
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difference in these modulations between harmonics is due to the difference in the phase 
matching and spatial cut off of the harmonics.  
High  peak  laser  intensities  and  high  ionization  fractions  mean  that  nonlinear 
propagation may potentially occur [99]. However, there is no visible wavelength shifting of 
harmonics and the nonlinear refractive index is small at the pressures used here. As such, 
nonlinear propagation effects are negligible in this work.  
 
4.2.5 XUV Generation as a Function of Pressure 
 
Due to the desire for a high flux monochromatic source, further investigation of the reduced 
spectral range and flux increase seen at  7 mm was undertaken. The spatial intensity of the 
fluorescence as well as the output XUV spectra were recorded at input pressures 1 50 mbar, 
in steps of 5 mbar. For reference, the spatial intensity of fluorescence from the argon gas 
inside the chamber (viewed perpendicular to the laser axis and jet flow axis) at various pipe 
input pressures is displayed in Fig. 4.16.  
The laser is focused from left to right in the image and is centred at a distance of 7 
mm. Since the pipe is located before the focus, the fluorescence intensity is greater after the 
pipe. At 50 mbar (Fig. 4.16 (e)), the peak in the fluorescence intensity at a distance ~ 4 mm 
either side of the pipe is due to the laser exciting and ionizing argon gas in the Mach discs. 
The subsequent dip in intensity at ~ 6 mm either side of the pipe is a secondary zone of 
silence that comes before a second Mach disc, which is visible at the edge of the image. It is 
evident from the image that the first zone of silence is much less dense than the second and 
is also longer.  
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Figure 4.16: Spatial intensity of the fluorescence inside the chamber viewed perpendicular 
to the laser and pipe axes for an input pressure of (a) 10 mbar, (b) 20 mbar, (c) 30 mbar, (d) 
40 mbar and (e) 50 mbar, when the pipe is at a distance of  7 mm with respect to the laser 
focus. The image is recorded using a 420 nm band pass filter. 
 
The intensity of the XUV spectra at various input pressures when the pipe is  7 mm 
from the laser focus is displayed in Fig. 4.17. Again, the spectra are summed along the 
radius of the beam. As the pressure increases, the peak harmonic flux increases and the 
number of observed harmonics decreases. At an input pressure of 10 mbar, six harmonics are 
clearly visible in the spectrum, but at 50 mbar, only three harmonics are visible. 
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Figure 4.17: Intensity of the harmonic spectrum between 20 and 60 nm for an input pressure 
of (a) 10 mbar, (b) 20 mbar, (c) 30 mbar, (d) 40 mbar and (e) 50 mbar. The data have been 
normalised to 1 second. 
 
For input pressures above 30 mbar, the 23
rd, 25
th and 27
th harmonics become significantly 
more intense than the other harmonics. At 50 mbar, the 25
th harmonic is at least twice as 
intense as the other harmonics. The peak intensity of the harmonics as a function of input 
pressure is displayed in Fig. 4.18. It is evident from the figure that most harmonics have 
peaked in intensity before 50 mbar. Only the 25
th and 27
th harmonics continually increase in 
intensity as the pressure is increased to 50 mbar. 
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Figure 4.18: Peak intensity of harmonics as a function of pressure when the pipe is at a 
distance of  7 mm with respect to the focus. The data have been normalised to 1 second. 
 
4.2.5.1  Analysis 
 
As stated in Chapter 2, the output intensity of the q
th harmonic can be written as [60], 
 
  Δ
Δ
  (4.2) 
            
where N is the number density of atoms, χ
(q)
eff is the effective nonlinear susceptibility of the 
q
th harmonic, E0 is the input electric field, s is the effective order of the nonlinearity (~ 5), α 
is the absorption coefficient and  k is the total wavevector mismatch. The terms in the round 
brackets  describes  the  contribution  of  phase  matching  to  the  output  intensity  of  the  q
th 
harmonic in the presence of absorption. It is evident from Equation 4.2 that the intensity of 
the harmonic signal increases quadratically with the number density of the atoms, as long as 
there is no change in the coherence length or absorption.  
Figure 4.19 shows the intensity of the 23
rd, 25
th and 27
th harmonic as a function of 
pressure with a quadratic plot fitted to each graph. Upon looking at the figure, it is clear that 
as  the  pressure  is  increased  to  25  mbar,  the  intensity  of  all  three  harmonics  increases 
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quadratically. This is because the buildup of harmonic signal at such pressures is not limited 
by  the  absorption  (the  absorption  length  is  longer  than  the  coherence  length)  and  the 
coherence  length  does  not  change  significantly  with  pressure.  As  seen  in  Fig.  4.14, 
absorption is greater for longer wavelength XUV radiation than shorter wavelength XUV 
radiation and the absorption length decreases with increasing pressure. Indeed, the intensity 
of  the  23
rd  harmonic  deviates  below  the  quadratic  after  25  mbar  since  the  pressure  has 
increased to a magnitude that the absorption limits the buildup of signal. The absorption 
length at 25 mbar is ~ 1 mm, while the maximum coherence length is ~ 3 mm. As the 
pressure is increased further, the absorption length of the 25
th harmonic decreases to a point 
that it significantly limits the buildup of output signal. The intensity of the 25
th harmonic 
deviates below the quadratic at 45 mbar. At such high pressure, the absorption length is ~ 1 
mm, which is shorter than the longest coherence length for the harmonic (~ 3 mm). For the 
27
th harmonic, the absorption is not limiting the output XUV signal for pressures used in the 
experiment and so the intensity continues to increase quadratically with increasing pressure.  
Since the absorption is greater for longer wavelengths than shorter wavelengths, the 
intensity of the lower harmonics is significantly less at high input pressures. The Cooper 
minimum and the short generation and coherence lengths of very high harmonics (H 29 and 
above) limit the intensity for such harmonics. The combination of these effects means that 
the  envelope  of  the  harmonic  spectrum  narrows  with  increasing  pressure.  Hence,  the 
intensity of the 25
th harmonic is much greater than the neighbouring harmonics. 
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Figure 4.19: Peak intensity of 23
rd, 25
th and 27
th harmonic as a function of pressure when 
the pipe is at a distance of  7 mm with respect to the focus. A quadratic plot is fitted to each 
graph. The data have been normalised to 1 second. 
 
4.2.6 Discussion 
 
Although an increase in XUV flux has been achieved by generating from an argon filled 
pipe compared with an argon gas jet, the limiting factors on the overall yield are absorption 
and  ionization.  Due  to  the  high  levels  of  ionization  creating  a  large  phase  mismatch,  a 
significant amount of generation has negligible contribution to the output harmonic flux. To 
avoid this, a much longer focal length lens should be used so that the beam spot is larger and 
the beams energy is spread over a larger area. In addition, a shorter duration pulse or a pulse 
with a steeper front should also be used so that a significant amount of generation can occur 
before high levels of ionization are present.  
The limitations of the vacuum setup meant it was not possible to increase the input 
pressure further to obtain higher flux at shorter wavelengths. The introduction of differential 
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pumping should enable higher input pressures and therefore allow potentially higher flux to 
be achieved. 
Although absorption limited the overall XUV yield at high pressures, absorption aided 
in  the  reduction  in  the  number  of  harmonics  generated,  which  is  desired  for  CDI.  The 
presence of the Cooper minimum in the spectrum also aided in the reduction of the number 
of  harmonics.  However,  such  effects  limited  the  output  of  shorter  wavelength  XUV 
radiation, which is desired for high resolution imaging. An alternative inert gas, such as neon 
or helium, should be used as the generation medium and an alternative method should be 
developed to produce high flux short wavelength monochromatic radiation. As detailed in 
the background chapter, neon and helium are also more transmissive than argon for XUV 
radiation.  
 
4.3  Work in Progress 
 
One  way  to  improve  the  flux  of  short  wavelength  radiation  beyond  intensities  already 
obtained is to use QPM. Such a method enables a cumulative buildup of output signal by 
using a periodic structure to suppress the intensity of the signal when the fundamental and 
harmonics are out of phase, and not when they are in phase. As discussed in Chapter 2, QPM 
can  be  achieved  by  using  a  generation  region  that  has  a  modulated  density  [67,68]. 
Techniques to obtain a modulated density include using a single gas pipe or multiple gas 
pipes, multiple gas jets, as well as acoustic waves within a gas cell. Note that to significantly 
improve flux of radiation at wavelengths near 20 nm, it is advisable to use an alternative gas 
to argon, such as neon or helium as the generation medium so that the Cooper minimum is 
avoided and shorter cut off wavelengths can be generated. Using such gases will also reduce 
the absorption of generated XUV radiation. For initial experiments however, argon is chosen 
due to strong emission lines which allow viewing of the gas geometry during HHG. 
 
4.3.1  Multiple Gas Regions 
 
It is evident that from the fluorescence images of excited argon atoms and ions from a single 
argon filled pipe in Section 4.2, a modulated density region along the laser axis can be 
created by a sequence of Mach discs. Depending on the desired period of modulation for 
QPM, the separation and density of the Mach discs can be varied by changing the input and 
background pressure.  Alternatively,  multiple  gas  jets  can  be  used  to  create  a  generation 
region of modulated density. Figure 4.20 shows a diagram of free jet expansion from two 
gas jets that are moved close together. At a distance when the barrel shocks touch, they 
merge. When the jets are even closer together, they merge and a larger jet is formed with an CHAPTER 4 
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ineraction disc that is larger and further away than that for a single jet [100]. By altering the 
distance  between  the  jets,  the  density  modulation  through  the  jets  will  vary  at  different 
distances along the jet flow. 
In a similar setup demonstrated in reference [68], a jet cell has been developed with 
the aim of creating a modulated region of pressure along the confocal length of the focused 
laser beam by using a sequence of jets.   
 
 
 
Figure 4.20: Shock interaction between two adjacent jets. Adapted from reference [101]. 
 
The  same  gas  cell  design  as  described  in  Section  3.2  is  used.  On  this  occasion 
however, argon gas is supplied into the top of the cell and passed through a 1.5 cm square, 2 
mm thick, interchangeable aluminium plate with holes with a diameter and half pitch of 0.5 
mm. The plate is placed just above the laser entrance and exit holes so that when jets of gas 
are formed, a region of modulated pressure is created along the laser axis. Figure 4.21 shows 
the  spatial  intensity  of  fluorescence  from  a  multiple  jet  configuration  when  the  laser  is 
focused into the cell. This image was taken using a 1024 x 1024 pixel CCD camera with a 
488 nm band pass filter to select out 488 nm Ar
+* (4s 4p) emission. The input pressure 
behind the plate was 30 mbar and the integration time for the image is 30 seconds. The 
colour scale is saturated to aid in viewing of the jets. 
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Figure 4.21: Spatial intensity of the fluorescence inside the jet cell with an input pressure of 
30 mbar, laser power of 1 W and laser pulse length of 40 fs. The plate contained 500  m 
diameter holes on a 1 mm pitch. The image is recorded using a 488 nm band pass filter. The 
integration time of the image is 30 seconds. The colour scale is saturated to aid in viewing of 
the jets. 
 
In the image, the laser is focused from left to right at a height 250  m below the plate 
and is centred at distance of 0 mm. The peaks in the intensity of fluorescence along the laser 
axis are where the barrel shocks have merged. The fluorescence that extends down the image 
is  from  atoms  and  ions  in  long lived  states  moving  in  the  expansion  region.  Since  the 
dominant emission has a lifetime of ~ 10 ns and the maximum velocity is ~ 500 m s
 1, such 
particles do not travel far during fluorescence. Therefore the observed fluorescence along the 
laser axis is essentially an indication of the instantaneous density. The slight curvature and 
slope of the fluorescence along the laser axis is due a lens defect and the laser beam being 
focused at a slight angle with respect to the base of the plate. Plotted in Fig. 4.22 is a single 
pixel slice taken along the laser axis showing the modulation in the intensity of fluorescence 
and therefore density that can be achieved using multiple jets.  
Using various jet nozzle sizes and separation, different modulations can be created 
along the laser axis at different distances along the jet flow axis, thus potentially allowing 
QPM  for  different  harmonics  (since  different  harmonics  will  have  different  coherence 
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lengths). Such variability in an XUV source is desired for developing a nanoscope suitable 
for imaging a variety of objects. 
 
Figure 4.22: Single pixel slice taken along the laser axis of the intensity of fluorescence 
displayed in Fig. 4.21. 
 
4.3.2 Acoustic Quasi-Phase Matching 
 
If QPM can be demonstrated using multiple jets and high flux short wavelength radiation 
obtained,  then  the  next  step  is  to  develop  a  more  versatile  setup  so  that  the  period  of 
modulation  of  the  gas  density  could  be  varied  with  ease.  This  could  be  achieved  using 
acoustic waves. If a setup can be constructed so that an acoustic wave is coupled into a gas 
cell, then a region of modulated gas along the laser axis at the laser focus could be created 
within the cell. With the use of a signal generator, the period of modulation can be easily 
changed.   
An acoustic cell that periodically modulates the gas density along the laser focus is 
proposed. A schematic of the proposed acoustic cell is shown in Fig. 4.23. The beam is 
focused into a transparent acrylic gas cell that is 1 cm long, 8 cm high and has walls 5 mm 
thick. Acrylic is chosen because it is easier to engineer than glass. The cell has 500  m 
diameter holes drilled through its walls to allow the laser in one side of the cell and out the 
other. Argon gas is supplied into the cell through a 6 mm plastic hose. Attached to one wall 
of  the  cell  is  a  piezoelectric  ceramic  (lead  zirconate  titanate)  disc.  This  transducer  is 
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connected to an amplifier and a signal generator so that its signal can be amplified and its 
operating frequency varied. The transducer is placed at an angle of 10 degrees to ensure the 
acoustic wave it generates travels across the beam. The two small chambers either side of the 
generating cell are there to enable differential pumping so that high pressure inside the cell 
can  be  achieved  with  as  little  gas  as  possible  outside  the  generation  region.  This  will 
therefore reduce absorption of XUV radiation and overloading of the turbomolecular pumps. 
 
 
Figure 4.23: Acoustic gas cell setup used for acoustic QPM of high harmonics. 
 
The desired period of modulation (Λ) for QPM is the coherence length, such that Λ = 
π/|∆k|, where ∆k is the total wavevector mismatch. However, since acoustic waves are to be 
generated  at  an  angle  inside  the  gas  cell,  this  angle  must  be  taken  into  account  when 
determining the modulation period to be used. As a point of note, the transducer will still 
work  at  frequencies  other  than  its  resonance,  but  it  will  be  less  efficient.  Due  to  the 
geometrical design of the cell, an appropriate standing wave will not be produced in the 
setup. The piezo should therefore be pulsed in synchronization with the laser so that the 
same modulation is present every time a laser pulse is present.  
In order to successfully generate an acoustic wave across the length of the gas cell 
setup, the attenuation of sound must be considered. However, depending on the pressure, 
wavelength and gas used, the attenuation will vary. As displayed in Fig. 4.24, the shorter the 
wavelength  of  an  acoustic  wave  and  the  lower  the  pressure  of  the  gas,  the  greater  the 
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attenuation of the acoustic wave by the gas (see [102]). In argon, the attenuation of an 
acoustic wave, α, can be calculated using the relationship [103], 
 
 
  (4.3) 
 
where T is the experimental temperature, T0 is the reference temperature (293.15 K), P is the 
experimental pressure, P0 is the reference pressure (1 bar) and f is the frequency of the 
acoustic wave. Here, α is in dB mm
 1. 
 
Figure 4.24: Attenuation of sound in argon at 20 
oC as a function of gas pressure and 
acoustic wavelength. The data are calculated using Equation 4.3. 
 
The range of wavelengths that can be used for successful acoustic QPM will be limited by 
the attenuation of an acoustic wave. As seen from Fig. 4.24, it is necessary to operate at as 
high pressure as possible to reduce attenuation of an acoustic wave. However, due to the 
short absorption lengths of XUV radiation in argon at high pressures, an alternative gas such 
as neon should be used. In addition, to verify the propagation of the acoustic wave, the beam 
focus should be made as large as possible for ease of observation of any modulation in the 
fluorescing  gas.  As  long  as  a  balance  between  acoustic  wavelength,  pressure  and  XUV 
radiation absorption can be found, acoustic QPM should be possible.  
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4.4  Summary 
 
A nearly fiftyfold increase was achieved by using a 3 mm argon filled pipe as the generation 
medium, instead of a 500  m argon jet. The peak XUV flux was observed for the 25
th 
harmonic at an input pressure of 40 mbar when the pipe was placed  7 mm from the focus. 
This peak XUV flux is two orders of magnitude greater than that observed from HHG using 
an argon gas jet. In addition, a spectrum consisting of a smaller number of output harmonics 
was obtained by careful positioning of the pipe (again at  7 mm) and by using high input gas 
pressure. The spectrum consisted primarily of three harmonics, with the 25
th harmonic twice 
as intense as the other two most intense harmonics. 
Although additional techniques to increase the XUV flux have been proposed, the 
results obtained so far indicate that an argon filled pipe as an HHG source is potentially 
suitable for CDI of nanoscale structures. In the next chapter, XUV scattering using radiation 
generated  from  such  a  source  is  discussed  and  the  development  of  a  table top  XUV 
nanoscope is realised. 
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5  XUV Scattering 
 
5.1  Introduction 
 
Scattering of light occurs when a region of a wavefront’s electric field is changed in phase or 
amplitude by a medium. Information about the medium is contained in the amplitude and 
phase of the electric field of scattered light. Hence, the scattering pattern from an object can 
potentially be used to determine its structure. 
When light is scattered from an object and imaged using a lens, the phase information 
is retained in the refracted waves and the electric field distribution is an image of the object. 
For XUV wavelengths and shorter, it is not feasible to use lenses due to the weak refraction 
and  strong  absorption  of  such  radiation  in  most  materials.  By  using  a  technique  called 
coherent diffractive imaging (CDI), the need for a lens is removed. The function of the lens 
is instead replaced by software.  
An algorithm is used to reproduce the amplitude and phase of the electric field close 
to that directly after the object. The algorithm works by applying various constraints whilst 
iterating between real and Fourier space domains. Although the method was invented in the 
1970s,  it  has  only  recently  been  employed  due  to  the  increase  in  speed  of  computer 
processing.  The  limitation  on  the  resolution  of  the  reconstructed  object  depends  on  the 
angular acceptance of the camera and the convergence of the algorithm.  
While the work done in this thesis so far has been focused on the optimization of the 
generation of extreme ultraviolet (XUV) radiation, the results presented in this chapter are 
obtained from the scattering of such light from micron sized objects (though detail on the 
reconstructed objects can be discerned down to a dimension of ~ 300 nm).  
 
5.1.1  Motivation 
 
The ability to produce coherent high harmonic radiation using a laboratory based table top 
source  has  allowed  progress  in  CDI  using  XUV  radiation.  To  date,  CDI  using  a  high 
harmonic source has been demonstrated using both single wavelength scattering and more 
recently, multiple wavelength scattering. In 2008, a resolution of 94 nm was achieved using 
narrow bandwidth  mirrors  to  single  out  a  single  wavelength  from  the  source  before CHAPTER 5 
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scattering [23], while in 2009, Chen et al. [104] obtained 165 nm resolution using the whole 
harmonic  spectrum.  In  the  foreseeable  future,  CDI  using  high  harmonics  generated  at 
wavelengths in the water window will allow imaging of a variety of nanostructures. 
 
5.1.2  Coherence 
 
High spatial coherence is needed for obtaining a well defined scattering pattern since high 
spatial  coherence  implies  stationary  interference  between  waves.  The  XUV  radiation 
produced by HHG can possess high spatial coherence as demonstrated by Bartels et al. [105] 
who used a double slit to show well defined interference fringes. The degree of spatial 
coherence can be defined by how visible a set of interference fringes are. Strong modulation 
will only occur when the light incident on the two slits is spatially coherent.  
Although the spatial coherence of the radiation is high, the temporal coherence is low 
because the pulse length is short. The beat frequency between harmonics is of the order of 
femtoseconds  (a  time  much  shorter  than  the  readout  time  of  the  detector)  and  so  no 
interference is observed between different harmonics. Every scattering pattern recorded in 
this work is therefore the incoherent sum of the scattering patterns from each harmonic. 
 
5.1.3  Fresnel and Fraunhofer Diffraction 
 
The spatial profile of light scattered from an object depends on the distance between the 
object and the camera. The type of diffraction observed is defined by the Fresnel number 
[106], 
 
  (5.1) 
 
where   is the radius of the aperture (or object), L is the distance from the object to the 
camera and   is the wavelength of the light. When the camera is placed close to the object (F 
≥ 1), Fresnel diffraction is observed. At large distances away from the object, when F  1 
(far field), Fraunhofer diffraction is observed.  
Computationally, it is faster to work in the Fraunhofer region since the electric field in 
the far field is the Fourier transform of the electric immediately after the object. As such, the 
scattering  patterns  discussed  in  this  work  are  obtained  in  the  Fraunhofer  region  of 
diffraction. 
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5.2  Experimental Setup 
 
5.2.1   XUV Source 
 
The XUV source used in the setup is the same as that described in the previous chapter. A 50 
cm lens is used to focus a 1.1 W, 1 kHz, 43 fs laser beam into a 3 mm wide argon filled 
copper pipe. 500  m diameter holes drilled through the walls allow the focused laser to pass 
through the pipe and generate high harmonics from argon gas in the process. The aluminium 
chamber that contains the pipe is 4 cm in diameter and 15 cm high. As indicated in the 
diagram in Fig. 5.1, the exit holes of the aluminium chamber are 1 mm in diameter and gas 
is  passed  out  through  the  base  so  as  not  to overload  the  turbomolecular  pumps  at  high 
backing pressures. This setup has already been characterised in the previous chapter, and in 
this work, the focus is placed in a region of gas 7 mm after the pipe to produce spectra with 
high flux and reduced harmonic range. This is to increase the chance of successful CDI.  
 
 
 
Figure 5.1: Cross section schematic of vacuum chamber containing an argon filled copper 
pipe. The pipe’s walls have 500  m diameter holes so that the focused laser beam can pass 
through and generate high harmonics from the argon. 
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5.2.2 XUV Scattering Vacuum Chamber 
 
The setup used takes advantage of the extension to the vacuum system already in place. In 
this way, the overall setup remains the same and the camera can be moved to allow the XUV 
beam to pass through to the spectrometer. A charged coupled device (CCD) camera is bolted 
to an aluminium bracket that is attached to a vacuum end plate. This plate is water cooled to 
12.5 ºC to assist in the cooling of the CCD camera and thus reduce the noise on recorded 
images. A KF40 vacuum port is used to enable a sample holder (see next subsection) to be 
attached through a feed through to a two axis stage that allows alignment of a sample with 
respect to the XUV beam. On the front of the CCD camera is a black baffle that has a 5 mm 
diameter  hole.  This  baffle  is  designed  to  block  any  laser  scatter  that  may  leak  into  the 
chamber. An additional aluminium filter was also added to the setup to reduce laser scatter. 
 
 
 
Figure 5.2: Schematic of the experimental setup used in CDI. 
 
 
5.2.3 Sample Holder 
 
A  photograph  of  the  sample  holder  manufactured  by  Aaron  Parsons  is  displayed  for 
reference in Fig. 5.3. The sample holder is 3 cm high, 7 cm long and 7 mm thick and made 
out  of  brass.  It  consists  of  four  holes:  one  hole  for  alignment,  one  hole  to  allow  the 
attachment of a feed through and two holes for mounting samples. 
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Figure 5.3: Photograph of sample holder. 
 
5.2.4 XUV CCD Camera 
 
The XUV detector used in this work is an Andor DX 434 CCD camera, which is suitable for 
use inside vacuum chambers. It has an active image sensor size of 13.3 mm with 13  m 
pixel resolution in a 1024 x 1024 array. The pixels have a quantum efficiency of ~ 60 % for 
XUV wavelengths. These pixels are photodiodes that collect a charge that is proportional to 
the number of photons incident them. This charge will buildup until a specified integration 
time when the pixels pass the charge to the edge of the CCD camera where it is recorded. 
The minimum readout time for an image consisting of 1024 x 1024 pixels is 2 ms.  
It  is  desirable  to  record  scattering  patterns  using  as  short  an  integration  time  as 
possible to avoid saturation of the CCD camera which can lead to signal from saturated 
pixels leaking to unsaturated pixels. However, as the central region of a scattering pattern is 
usually  considerably  more  intense  than  that  at  larger  angles,  it  may  not  be  possible  to 
measure information at both small and large angles using a single CCD camera exposure. 
This is because high spatial frequency information may be below the CCD camera noise 
level. The scattering patterns are therefore recorded for different sets of integration times. By 
taking images at short exposures and splicing these to long exposure images, a scattering 
pattern  that  contains  both  high  spatial  frequencies  and  low  spatial  frequencies  can  be 
obtained. The splicing works by replacing the saturated pixels of the long exposure image 
with the unsaturated pixels from the short exposure image. Although shifts can occur in the 
scattering pattern and any random noise will not be the same for the two images, a similar 
method has proved successful in work carried out by Chen et al. [104]. 
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5.2.4.1 Nonlinearity 
 
Since a scattering pattern from an object will vary in intensity, the linearity of the CCD 
camera must be measured. The linear response corresponds to the range in which the CCD 
camera signal is proportional to photon flux. However, when a pixel exceeds its saturation 
level, electrons will overflow from the pixel’s potential well to other pixels. This means that 
pixels around the region of saturation will have an incorrect intensity. A set of XUV images, 
taken for different exposure times, were used to determine the relationship between recorded 
flux  and  real  flux.  Figure  5.4  shows  the  recorded  pixel  count  verses  relative  incident 
intensity. Data was taken for 10, 50, 100, 500, 750, 1000 and 1250 milliseconds, and a best 
fit was plotted. Plotted also on the image is the maximum possible CCD camera count. It is 
clear that as long as the incident intensity is below the maximum, then the relationship 
between pixel count and incident intensity is linear and so no adjustments to the intensity of 
a scattering pattern needs to be made.  
 
Figure 5.4: Pixel count vs. relative incident intensity. 
 
5.2.4.2 Noise  
 
Noise will degrade the quality of recorded images and therefore must be reduced. Even 
when there is no incident light on a CCD camera, there will still be signal from readout noise 
and  thermal  noise.  The  readout  noise  is  the  result  of  the  imperfect  operation  of  the 
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electronics converting an analogue signal into digital output. This noise is independent of the 
integration time and the temperature of the CCD camera. The thermal noise on the other 
hand  is  the  result  of  thermally  exciting  electrons  into  the  conduction  band  and  thus 
producing signal. Since the thermal noise is dependent on temperature and integration time, 
it can be reduced by cooling the CCD camera.  
It  is  therefore  important  to  determine  at  what  temperature  the  thermal  noise  is 
significantly small. Figure 5.5 shows the standard deviation of 1024 pixel counts when there 
is no incident light on the CCD camera for temperatures  30 ºC to 20 ºC in steps of 5 ºC. For 
each temperature, a signal was recorded for four different integration periods, 0.1, 1, 10 and 
60  seconds.  The  plots  show  that  thermal  noise  is  dependent  on  integration  time  and  is 
reduced at lower temperatures. 
 
Figure 5.5: Standard deviation of background photon counts on the CCD camera for 0.1 
(red), 1 (green), 10 (blue) and 60 (black) seconds. 
 
For  temperatures  below   15 ºC,  the  standard  deviation  is  less  than  15  counts  and 
reaches  less  than  5  counts  by   30  ºC  for  all  integration  times  plotted.  By  reducing  this 
thermal noise, the scattering pattern will be more readable. Due to the limitation of the 
cooling mechanism, it is not possible to hold the CCD camera at  30 ºC for periods longer 
than an hour, as the efficiency will decrease significantly. Therefore, throughout this thesis 
the temperature is held at  25 ºC. The DC offset accumulated during integration is removed 
from all images.  
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5.3  XUV Beam 
 
Using the CCD camera, the spatial intensity profile of the XUV beam was recorded five 
times  at  four  different  pressures.  Each  image  was  recorded  for  an  exposure  time  of  25 
milliseconds. From Fig. 5.6, it is clear that the beam is elliptical in shape. This is due to the 
focused laser beam having a smaller M
2 in x than y. This is not a concern since any CDI will 
be done using samples that are < 20  m and are therefore much smaller than the beam. As 
expected from the results of the XUV spectra discussed in the previous chapter, as the input 
pressure increases, so does the intensity of the beam. The round dark patches on the images 
are the result of oil deposited on the camera (see Fig. 5.6 (d)). 
 
 
 
Figure 5.6: Spatial intensity profile of the XUV beam at four different pressures (a) 10 mbar 
(b) 20 mbar, (c) 30 mbar and (d) 40 mbar. Labelled on the figure is an oil deposit.  
 
5.3.1  Flux Though an Aperture 
 
In  order  to  minimise  the  time  taken  to  record  a  scattering  pattern,  it  is  necessary  to 
understand how much flux is going through a sample. By using the estimated value of the 
beam  waist  from  previous  work  [107]  and  flux  values  at  40  mbar  input  pressure  from 
Section  5.3,  the  propagation  of  a  Gaussian  XUV  beam  from  the  cell  was  calculated  to 
estimate the number of photons passing through different diameter pinholes, for different 
XUV source to sample distances. Upon looking at Fig. 5.7, there is potentially a factor of 
sixteen less flux when using a 5  m diameter sample compared to a 20  m diameter sample 
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at a distance of 60 cm. Since it is desirable to obtain a scattering pattern in the Fraunhofer 
region of diffraction, samples greater than 50  m cannot be used at the current sample to 
camera distance of 46 mm. The Fresnel number for a 50  m diameter pinhole at 46 mm is ~ 
0.5. 
 
Figure 5.7: Estimated flux through various size pinholes placed at varying distances from 
the XUV source. 
 
5.4  XUV Spectrum  
 
Understanding the harmonics generated is necessary in determining the sample to use as 
well as the constraints. Shorter wavelengths will diffract to smaller angles, so the distance 
between the sample and the camera needs to be carefully determined.  
Since  the  same  generation  setup  and  the  same  input  parameters  were  used  as  in 
Section 4.2.5, then the spectrum produced is the same as measured previously (see Fig. 5.8). 
The  intensity  of  the  spectrum  increases  with  increasing  pressure,  while  the  number  of 
harmonics decreases.  
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Figure 5.8: Output XUV spectrum as a function of pressure. 
 
At 15 mbar, the 21
st harmonic (~ 38 nm) is more intense than the other harmonics. 
However, the flux at this pressure is relatively low and so subsequent scattering experiments 
will take longer to obtain the same signal to noise as that obtained at higher pressures. As 
the pressure increases above 25 mbar, the 25
th harmonic (~ 32 nm) becomes the most intense 
harmonic, with the peak being over twice as intense as the two next most intense harmonics.  
 
5.4.1  Multiple Wavelength CDI 
 
When multiwavelength radiation is scattered from an object, the observed scattering pattern 
is the incoherent sum of the individual patterns from each harmonic. This is demonstrated in 
Fig. 5.9, where successive wavelength scaled 1 dimensional scattering patterns from a 5  m 
Young’s slit experiment have been added together. The first plot represents the scattering 
pattern from one harmonic, the 21
st harmonic (H 21), the second is the addition of 2 different 
harmonics (H 21 and H 23) and the third is the addition of three harmonics (H 21, H 23 and 
H  25).  Visible  from  the  plots  is  the  reduction  in  modulation  with  increasing  harmonic 
addition. The variation in the spatial intensity profile between the patterns means that the 
reconstructed object will differ when using a multiple wavelength source compared to a 
monochromatic source. It is therefore necessary to use radiation with as narrow a spectrum 
as possible for successful reconstruction. 
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Figure 5.9: Addition of 1 dimensional scattering patterns from a single 5  m slit using (a) 
one harmonic (H 21), (b) two harmonics (H 21 and H 23) and (c) three harmonics (H 21, H 
23 and H 25). The intensity is displayed on a log10 scale. 
 
5.5  Phase Retrieval 
 
Although  the  intensity  of  a  scattering  pattern  is  recorded  on  a  CCD  camera,  the  phase 
information  is  lost.  This  prevents  direct  image  replication  of  an  object.  Phase  retrieval 
algorithms were first proposed by Gerchberg and Saxton [19], while further improvements 
were  made  by  Fienup  [20],  who  developed  the  error reduction  (ER)  algorithm  and  the 
hybrid input output (HIO) algorithm. Since the HIO algorithm is faster at converging than 
the ER, the HIO algorithm was therefore employed in the work discussed in this chapter.  
The HIO algorithm consists of the following steps: 
 
a) Create a first estimate for the solution’s electric field, gk(x), by creating an object electric 
field  gk(x)  with  random  phase  θk  within  a  defined  support.  The  field  is  then  Fourier 
transformed to give an estimate of the electric field of the scattering pattern, Gk(u), 
 
    (5.2) 
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where k is the iteration number, x is an N dimensional spatial coordinate and u is an N 
dimensional spatial frequency coordinate. 
 
b) Replace the amplitude of the guess with the square root of the measured intensity of the 
experimental scattering pattern (the modulus of F) to obtain an altered electric field, G'k(u), 
 
    (5.3) 
 
An apostrophe indicates an altered term. 
c) Inverse Fourier transform to give the electric field in object space, 
 
    (5.4) 
 
d) Apply constraints to the object, i.e. force the density towards zero for all points x in the 
support region γ to obtain a new estimate of the object. For everywhere except the support 
region, the field is unchanged, 
 
 
  (5.5) 
 
Here, β is a constant between 0 and 1.  
Initially, there is assumed to be a non zero intensity region in object space which 
contains  the  object.  This  is  known  as  the  mask.  The  initial  guess  of  the  object,  which 
contains both amplitude and phase, is Fourier transformed to generate the first estimate of 
the  scattering  pattern.  Once  in  image  space,  the  amplitude  of  the  scattering  pattern  is 
replaced with the square root of the experimentally observed intensity, so that the spatial 
information of the object is obtained. The phase is left unchanged and the result is then 
inverse  Fourier  transformed.  Once  in  object  space,  the  intensity  outside  of  the  mask  is 
reduced. Since there is no object outside of the mask, no spatial information about the object 
is  lost.  The  cycle  is  repeated  for  a  number  of  iterations  until  the  error  between  the 
reconstructed scattering pattern and the experimental scattering pattern has reached a certain 
value. 
The phase retrieval can be further accelerated by employing the Shrinkwrap method 
developed by Marchesini et al. [108]. Instead of using a support that is only constructed by 
an  estimate  of  the  object’s  size,  the  Shrinkwrap  method  uses  a  blurred  version  of  the 
autocorrelation function as its first mask. Further to this, the Shrinkwrap method refines the 
support periodically by thresholding the intensity of a blurred version of the current estimate CHAPTER 5 
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of the object. The Shrinkwrap attempts to reduce the size of the mask by combining pixels 
that have intensities greater than a defined value to form a smaller mask. This mask is still 
bigger than the object so no spatial information about the object is lost. The HIO algorithm 
used in this thesis employs Shrinkwrap. It is displayed schematically in Fig. 5.10. 
 
 
 
Figure 5.10: HIO phase retrieval algorithm employing the Shrinkwrap. 
 
5.5.1  Geometric Requirements 
 
In order to achieve successful CDI, there are two geometrical requirements that must be 
considered. The first is that the highest resolution image (the smallest reconstructed image 
pixel size) obtained occurs when the object is closest to the camera. However, contradictory 
to this requirement is the convergence of the algorithm to a solution which favours the 
camera being as far away from the object as possible. This is known as the oversampling 
ratio and corresponds to the ratio between the area of the mask and the zero density area 
outside the mask, and the area of mask itself. Oversampling ratios of 2 are required to obtain 
a reconstructed solution. However, ideally this value should be at least 5 [109] since a larger 
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oversampling ratio as possible will improve convergence. Figure 5.11 shows a schematic of 
the imaging setup.  
The oversampling ratio, defined as O = Dpixel/Dobject, can be derived from the diagram 
using the small angle approximation and is defined geometrically as [110], 
 
 
  (5.6) 
 
where z is the sample to CCD camera distance, λ is the wavelength, p is the CCD camera 
pixel size and Dobject  is the size of the sample. The image pixel size is also derived from Fig. 
5.11 and is given by, 
 
  (5.7) 
 
where N is the number of CCD camera pixels. Upon looking at the two equations, it is clear 
that although increasing z will increase the oversampling ratio O, this will increase the image 
pixel size Dimage and therefore decrease resolution of the reconstructed object. Since z, λ and 
p are present in both equations and N is a constant in Equation 5.7, then Dobject must be 
reduced in order to obtain as high oversampling ratio and resolution as possible.  
 
 
 
Figure 5.11: Schematic of CDI imaging setup. 
 
The two equations above are plotted in Fig. 5.12, displaying (a) the oversampling ratio 
and (b) the image pixel size as a function of the sample to CCD camera distance. Due to the 
shape of the camera, the minimum distance at which an object can be placed is 17 mm. This 
is represented by a black dashed line in the plots. In view of this fact, objects that are no 
larger than 5  m must be used at this distance for an oversampling ratio of 5. It is possible to 
use  an  object  as  large  as  10   m  to  obtain  100  nm  resolution,  but  it  must  be  placed 
approximately 50 mm away from the CCD camera. Since the oversampling ratio for 50  m 
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and even 20  m diameter samples does not increase sufficiently above 5 for pixel resolution 
below 100 nm, such sized objects are not considered in this work. 
   
 
Figure 5.12: (a) The oversampling ratio for 5  m (red), 10  m (green), 20  m (blue) and 50 
 m (yellow) diameter samples as a function of sample to CCD camera distance. The data 
are calculated using Equation 5.6. (b) Reconstructed image pixel size as a function of 
sample to CCD camera distance. The data are calculated using Equation 5.7. The vertical 
dashed line represents the minimum possible CCD camera to sample distance due to the 
experimental setup. 
 
5.6  Coherent Diffractive Imaging of an Aperture 
 
In this section, experimental results that demonstrate the imaging of a symmetric micron 
sized object using the technique of CDI are discussed. The object used as the sample in the 
experiment is a 5  m diameter pinhole. The purpose of using such a sample is that it is a 
simple shape of known size and thus any object reconstruction can be compared easily. This 
will aid in the understanding of the imaging process before moving to more complex objects. 
The size of the pinhole is chosen so that not only will a Fraunhofer diffraction pattern be 
obtained on the CCD camera, but also so that the oversampling ratio is much greater than 2. 
Since future work will involve objects of approximately this size, experimenting with such 
an object is a good starting point.    
 
5.6.1  5 µm Pinhole Sample 
 
An optical transmission microscope image of the 5  m pinhole is shown in Fig. 5.13. The 
pinhole is made in an aluminium disc that is 50  m thick and 1 cm in diameter and is 
attached to the sample mount using vacuum compatible carbon tape. The image is unfocused 
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due the limitation of the microscope. For objects with smaller structure, SEM images are 
used for comparison. 
 
 
 
Figure 5.13: Optical transmission microscope image of the 5  m pinhole. 
 
5.6.2 Experimental Results 
 
The data was recorded at a sample to CCD camera distance of 46 mm. This corresponds to a 
Fresnel number of ~ 0.04, and hence the recorded scattering pattern is in the Fraunhofer 
regime. A set of six scattering patterns at 35 mbar backing pressure were recorded for 5 
seconds each and a single image was recorded for 30 seconds at the same pressure. The 5 
second  images  are  unsaturated  and  thus  contain  low  spatial  frequencies  information. 
However, due to the short integration time, the high spatial frequencies are below the noise 
and are therefore not readable. A longer exposure of 30 seconds was necessary to obtain 
high spatial frequency signal that was above the noise. By replacing the oversaturated pixels 
of the 30 second integration image with 6 lots of unsaturated pixels, a scattering pattern that 
contains both the high and low spatial frequencies is obtained. The two sets of scattering 
patterns are displayed in Fig. 5.14. The saturated pixels (red pixels) in the left image are 
replaced by the unsaturated pixels from the right image.  
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Figure 5.14: Experimentally observed scattering pattern of the 5  m pinhole. The pattern on 
the left is a 30 seconds integrated pattern and the pattern on the right is a 5 seconds 
integrated pattern. The saturated pixels of the left image are replaced with unsaturated 
pixels from the right. The intensity scale is log10 and the images are 1024 x 1024 pixels in 
size. 
 
Figure 5.15: Experimentally observed scattering pattern of the 5  m pinhole. The pattern 
consists of a 30 second integrated pattern with the saturated pixels replaced by unsaturated 
pixels. The red rings indicate potential reconstructed object resolution. The inner ring 
corresponds to 500 nm, the next ring corresponds to 200 nm and the outer double ring 
corresponds to 100 nm. 
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Figure 5.15 shows the spliced image displayed on a log10 scale. Labelled on the plot 
are rings that indicate the potential resolution of the reconstructed object. The inner ring 
corresponds to 500 nm, the next ring corresponds to 200 nm and the outer double ring 
corresponds to 100 nm. Figure 5.16 shows the average signal versus potential resolution 
obtained by taking the mean of the intensity in circles about the image centre. Due to the 
diffraction limit, the maximum possible resolution of reconstruction is that at the corner of 
the  CCD  camera.  In  this  instance,  it  is  ~  70  nm.  The  most  likely  resolution  attainable 
corresponds to the highest spatial frequency that has signal above the noise. The highest 
possible resolution can therefore be increased by recording the scattering pattern over a 
longer period so that a higher signal to noise is obtained at high spatial frequencies. 
 
 
Figure 5.16: Intensity vs. resolution obtained by calculating the average intensity in circles 
of the scattering image. The most likely highest resolution possible from reconstruction 
corresponds to where the signal drops to the noise level. 
 
It is evident that a resolution between 100 nm and 200 nm could be achieved if the 
algorithm converges correctly. The increase in the peak at below 100 nm is a consequence of 
the scattering pattern being off centre and the way in which the resolution is calculated. For 
resolution below 100 nm, the circles contain signal above the noise in the top right of the 
image in Fig. 5.15, but contain no data for the regions where the circle is outside the pattern. 
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Since regions of potentially low signal are therefore not taken into account in the averaging, 
the average intensity below 100 nm is relatively high.  
Also from the resolution plot, it is possible to see the effect of multiple wavelength 
scattering. Reduction in modulation between 400 nm and 900 nm is visible. 
 
5.6.3 Algorithmic Process 
 
The algorithm ran for 4000 iterations with a new mask and Shrinkwrap being employed 
initially every 500 iterations for the first two uses and then 1000 iterations thereafter. The 
initial guess is formed from the autocorrelation of the observed scattering pattern and is 
displayed in Fig. 5.17, where (a) is the starting intensity and (b) is the starting phase in 
radians.  
 
 
Figure 5.17: Initial guess for (a) the sample intensity and (b) the sample phase (in radians). 
 
Various stages of the algorithmic process are shown in Fig. 5.18, displaying both the 
reconstructed intensity (LHS) and preceding mask (RHS). On the 500
th iteration, a circle is 
already being reconstructed. On the subsequent iterations, the mask shrinks down as the 
algorithm tends towards a solution. Both the mask and the intensity profile of the object 
shrink to a size of ~ 5  m by the 3000
th iteration. 
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Figure 5.18: Intensity (LHS) and preceding mask (RHS) for iteration steps 500, 1000, 2000 
and 3000. 
 
The final solution of the intensity and phase is displayed in Fig. 5.19. A pinhole has 
been reconstructed and is of approximately the correct size, though the intensity is not as 
uniform as expected from a small fraction of the incident XUV beam. Although the phase of 
the XUV beam should be relatively flat at this distance from the source, the reconstruction 
shows that a slope across the beam. This is because the scattering pattern is off centre on the 
CCD camera. The algorithm attributes this offset to a phase shift caused by a scattered beam 
being  incident  on  a  CCD  camera  at  an  angle.  As  such,  the  phase  shift  across  the 
reconstructed object will be greater for a larger scattering pattern offset.  
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Figure 5.19: Final solution for (a) the intensity and (b) the phase (in radians) displayed in 
the form cos(φ) in order to illustrate the phase modulations. The non uniform reconstructed 
intensity is due to the observed scattering pattern containing signal from multiple 
wavelength radiation. 
 
The Fourier error is the difference between the reconstructed scattering pattern and the 
observed scattering pattern [111],  
 
 
 
(5.8) 
 
The final error per Shrinkwrap cycle is displayed in Fig. 5.20 (a). The figure shows that the 
error starts to plateau by the fourth implementation of the Shrinkwrap. The Fourier error for 
the final 1000 iterations, displayed in Fig. 5.20 (b), shows that after an initial drop the error 
increases slightly and then flattens. The initial high error and then sharp decrease in Fig. 5.20 
(b) is due to the effect of Shrinkwrap having just taken place. The error increases thereafter 
because the algorithm is converging to a solution for a single wavelength scattering pattern 
but the observed pattern contains signal from multiple wavelengths.  
Although the algorithm does not work by using the error to improve the solution (it is 
merely a by product of the iterations), from the error it is still possible to tell whether the 
algorithm  has  stagnated  and  found  a  solution,  as  with  this  reconstruction  of  the  5   m 
pinhole.  
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Figure 5.20: (a) Final Fourier error per Shrinkwrap cycle and (b) Fourier error displayed 
on a log10 scale for the final 1000 iterations of reconstruction of the 5  m pinhole. The data 
are calculated using Equation 5.8. 
 
5.7  Coherent Diffractive Imaging of a FIB Sample 
 
Although a 5  m pinhole has been imaged, it was necessary that a less symmetric shape be 
explored in order to further understand the CDI process. By choosing a sample that was non 
symmetric, a better grasp of the algorithmic constraints would be obtained. In addition, an 
object consisting of a variety of shapes and sizes would test the resolution of the nanoscope. 
The letters ORC in Georgian font at a size < 7.5  m were therefore chosen as the object. The 
reconstruction of a sample of this size and shape is the next step towards a sub micron 
sample. 
 
5.7.1  ORC FIB Sample 
 
A 500 x 500  m square, 50 nm thick, silicon nitride window was chosen as the canvas for 
the sample. The window can survive gas pressure differentials present in the vacuum setup 
and can be coated in substrates suitable for etching [112]. For the XUV wavelengths used in 
this work, the 50 nm silicon nitride transmits ~ 10 % of the radiation. The window was 
coated with a 110 nm thick gold layer that transmits ~ 5 x 10
 3 of the radiation. In this way, 
significant contrast in transmission is achieved between regions that have been etched all the 
way through the coated window and regions that have not been etched at all. 
The  sample  is  shown  in  Fig.  5.21.  The  drilling  was  done  by  Jun Yu  Ou  using  a 
focused ion beam (FIB). The O of the ORC is about 2.5  m wide, the legs of the R are less 
than a micron wide and the tips and tails of the R and C are < 300 nm wide. 
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The faint square shape that can be seen on the window is the result of using ions to 
image the sample during alignment for drilling. This however is not deep enough to allow 
significant transmission of XUV. As with the 5  m pinhole, the distance between the CCD 
camera and the sample is 46 mm. In this instance, the Fresnel number is ~ 0.08.   
 
 
 
Figure 5.21: SEM image of the ORC FIB sample. 
 
5.7.2 Experimental Results 
 
Scattering patterns were recorded at 35 mbar for two different integration times, 60 seconds 
and  300  seconds,  corresponding  to  unsaturated  and  oversaturated  images  respectively. 
Figure  5.22  shows  two  sets  of  scattering  patterns.  The  300  second  integrated  scattering 
pattern is on the left and the 60 second integrated scattering pattern is on the right. The 
images were then spliced together so that an image containing signal above the noise for 
both high and low spatial frequencies is obtained. The red pixels in the centre of the pattern 
in left image are saturated and were replaced by the unsaturated pixels from the right image.  
The result of replacing the saturated pixels of the 300 seconds with five lots of 60 
second data is shown in Fig. 5.23. Once again, rings indicating the potential resolution of the 
reconstructed object are marked on the figure. The maximum resolution attainable due to the 
diffraction limit is ~ 70 nm. From the image, there is some signal that is near the 100 nm 
resolution ring (the outer ring). However, the signal is small and the average signal is not 
above the noise. Such resolution of the reconstructed object is therefore unlikely. 
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Figure 5.22: Experimentally observed scattering pattern of the ORC FIB sample. The 
pattern on the left is a 300 second integrated pattern and the pattern on the right is a 60 
second integrated pattern. The saturated pixels of the left image are replaced with 
unsaturated pixels from the right. The intensity scale is log10 and the images are 1024 x 1024 
pixels in size. 
 
 
Figure 5.23: Experimentally observed scattering pattern of the ORC FIB sample. The 
pattern consists of a 300 second integrated pattern with the saturated pixels replaced by 
unsaturated pixels. The red rings indicate potential reconstructed object resolution. The 
inner ring corresponds to 500 nm, the next ring corresponds to 200 nm and the outer double 
ring corresponds to 100 nm. 
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Indeed, from Fig. 5.24, the most likely highest spatial resolution attainable for the 
reconstructed object is ~ 200 nm, since this is the highest spatial resolution above the noise.  
 
 
Figure 5.24: Intensity vs. resolution obtained by calculating the average intensity in circles 
of the scattering image. The most likely highest resolution possible from reconstruction 
corresponds to where the signal drops to the noise level. 
 
5.7.3 Algorithmic Process 
 
Again, the autocorrelation of the experimentally observed scattering pattern was used as the 
initial  guess  for  the  sample  mask.  Figure  5.25  shows  the  initial  starting  guess  for  the 
algorithm.  The  algorithm  ran  for  6500  iterations  and  employed  the  Shrinkwrap  initially 
every 250 iterations for the first two uses, then every 1000 iterations for the next three, 
before finally employing it every 500 iterations.  
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Figure 5.25: Initial guess for (a) the sample intensity and (b) the sample phase (in radians). 
 
The 250
th, 1000
th, 2000
th and 4000
th iterative steps are displayed in Fig. 5.26. As with 
the iterative steps for the pinhole, the reconstructed intensity is on LHS and the mask used to 
reconstruct that intensity is on the RHS. After 250 iterations, an oblong shaped object has 
been reconstructed. By the 1000
th iteration, the mask has shrunk and the object intensity has 
split into three. On the 2000
th iteration, a reconstructed O and C are visible (albeit mirrored 
due to sample’s orientation in the setup). After a further 2000 iterations, the object and mask 
have separated into three letters and the letter R is produced. 
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Figure 5.26: Intensity (LHS) and preceding mask (RHS) for iteration steps 250, 1000, 2000 
and 4000. 
 
The final solution, displayed in Fig. 5.27, shows that the algorithm has been able to 
converge  to  a  solution  after  6500  iterations.  All  three  letters  in  order,  ORC,  have  been 
reconstructed. As displayed in Fig. 5.28 (a) and (b), the error reaches a plateau for both the 
final Fourier error per Shrinkwrap cycle and the Fourier error for the final 500 iterations. At 
this point, further iterations did not improve object reconstruction. 
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Figure 5.27: Final solution for (a) the intensity and (b) the phase (in radians) displayed in 
the form cos(φ) in order to illustrate the phase modulations. The letters are mirrored due to 
sample’s orientation in the setup. 
 
Comparing Fig. 5.27 (a) with the SEM image in Fig. 5.21, it is evident that the tails of 
the C and the R have been reconstructed. These are ~ 300 nm wide. Upon looking at Fig. 
5.27 (b), the phase is sloped across the sample. However, the gradient is not as large as with 
the pinhole. Indeed, on comparing the two scattering patterns, Fig. 5.15 and Fig. 5.23, the 
offset of the ORC scattering pattern from the centre of the CCD camera is significantly less 
than that of the 5  m pinhole.  
 
 
Figure 5.28: (a) Final Fourier error per Shrinkwrap cycle and (b) Fourier error displayed 
on a log10 scale for the final 500 iterations of reconstruction for the ORC FIB sample. The 
data are calculated using Equation 5.8. 
 
Distance / m
Distance /
m
0 2 4 6 8 10
10
8
6
4
2
0
 2
 4
 6
 8
 10
0.02
0.04
0.06
0.08
0.1
 
 
(a)
 10 8 6 4  2
Distance / m
Distance /
m
 10 8 6 4  2 0 2 4 6 8 10
10
8
6
4
2
0
 2
 4
 6
 8
 10
 0.5
0
0.5
 
 
(b)
500 2500 4000 5000 6000
60
70
80
90
100
Iteration
E
r
r
o
r
(a)
0 100 200 300 400 500
1.5
2
2.5
3
Iteration
E
r
r
o
r
(b)CHAPTER 5 
121 121 121 121       
 
5.8  Coherent Diffractive Imaging of a Biological Sample 
 
In the previous section, the imaging of a non symmetric object with resolution of ~ 300 nm 
was demonstrated. In this section, a biological sample known as a diatom is imaged. A 
diatom is a type of algae with walls made of silica. Each species has its own unique shape 
and has structure consisting of interconnected pores [113]. In the experiment described in 
this section, a non symmetric dehydrated diatom fragment that has complex features on both 
the micron and nanometre scale is used. Not only is imaging a diatom an important step in 
the development of the nanoscope, but understanding its structure at nanoscale dimensions 
has potential uses in both biology and photonics [114,115].  
 
5.8.1  Diatom Sample 
 
The diatom used in this experiment was from flea powder (DE Sign of Nature). The flea 
powder is diatomaceous earth made from the fossilized skeletal remains of diatoms. The 
sample was made by adding diatoms to methanol (1 part diatoms to 5 parts methanol) and 
then  evaporating  the  solution  on  a  500  x  500   m  square,  50  nm  thick,  silicon  nitride 
window. So that only one diatom was to be imaged and so that Fraunhofer diffraction would 
be observed on the CCD camera, a 10  m diameter aluminium pinhole was used to aperture 
a diatom (see Fig 5.29). Carbon tape was used to attach the window to the pinhole.  
 
 
 
Figure 5.29: (a) Optical transmission microscope image and (b) SEM image of the diatom in 
a 10  m pinhole. 
 
It is clear that when looking at the microscope image in Fig. 5.29 (a), ~ 500 nm ridges 
are present in the structure of the diatom. Visible from the SEM image in Fig. 5.29 (b) are 
5 m  
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also ~ 100 nm diameter holes in the diatom. Structure of such size is potentially resolvable 
using CDI with XUV radiation.  
 
 
 
Figure 5.30: Cross section schematic of the diatom sample setup. 
 
A cross section schematic of the sample setup is shown in Fig. 5.30. Since the diatom 
is made from SiO2 with walls of estimated thickness of at least ~ 100 nm, the transmission of 
XUV radiation through though the diatom is < 1 x 10
 3. As such, with the wall of the pinhole 
being 15  m thick and therefore blocking XUV radiation, only radiation passing inside the 
pinhole and around and through the open structure of the diatom will be scattered to the 
CCD camera. Again, the 50 nm silicon nitride transmits ~ 10 % of the XUV radiation. 
 
5.8.2  Experimental Results 
 
In order to improve the resolution of the nanoscope, the filter system was adjusted so that 
higher  pressures  and  thus  radiation  with  fewer  harmonics  could  be  used.  A  series  of 
scattering  patterns  were  recorded  at  a  pipe  input  pressure  of  45  mbar  for  a  variety  of 
integration  times.  The  minimum  integration  time  of  the  images  was  5  seconds  and  the 
maximum integration time was 1440 seconds. Simply splicing 5 second images to 1440 
second images would not work because the saturation in the latter pattern had spread to high 
spatial frequencies that were below the noise for the unsaturated scattering pattern (see Fig. 
5.31). Therefore, it was necessary to also splice using data from images integrated for 30 
seconds,  60  seconds,  120  seconds  and  so  on.  Figure  5.32  shows  the  spliced  scattering 
pattern.  Again,  rings  are  plotted  to  indicate  the  potential  resolution  of  the  reconstructed 
object.  
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Figure 5.31: Experimentally observed scattering pattern from the diatom sample. The 
pattern on the left is a 1440 second integrated pattern and the pattern on the right is a 5 
second integrated pattern. The saturated pixels of the left image are replaced with 
unsaturated pixels from the right. The intensity scale is log10 and the images are 1024 x 1024 
pixels in size. 
 
 
 
Figure 5.32: Experimentally observed scattering pattern from the diatom sample. The 
pattern consists of four 1440 second integrated pattern with the saturated pixels replaced by 
unsaturated pixels. The red rings indicate potential reconstructed object resolution. The 
inner ring corresponds to 500 nm, the next ring corresponds to 200 nm and the outer double 
ring corresponds to 100 nm. 
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Due to the diffraction limit, the maximum possible resolution of object reconstruction 
is ~ 70 nm. However, it is clear that from both Fig. 5.32 and Fig. 5.33 the signal drops to the 
noise  at  a  resolution  of  ~  200  nm.  This  is  therefore  the  most  likely  highest  resolution 
attainable for the reconstructed object.  
 
 
Figure 5.33: Intensity vs. resolution obtained by calculating the average intensity in circles 
of the scattering image. The most likely highest resolution possible from reconstruction 
corresponds to where the signal drops to the noise level. 
 
5.8.3  Algorithmic Process 
 
The initial guess for the diatom is displayed in Figure 5.34. Fig. 5.34 (a) shows the starting 
intensity and Fig. 5.34 (b) shows the starting phase.  
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Figure 5.34: Initial guess for (a) the sample intensity and (b) the sample phase (in radians). 
 
The algorithm ran for 6000 iterations and the Shrinkwrap algorithm was employed 
every 500 iterations. Various stages displaying the reconstructed intensity and preceding 
mask are shown in Fig. 5.35. For the 500
th iteration, the mask has shrunk to the approximate 
size of the pinhole. By the 1500
th iteration, a large region of zero intensity inside the pinhole 
has formed. A further 1000 iterations produces the crescent shape of the diatom inside the 
pinhole and by the 4500
th iteration, the edges of the pinhole have become more defined. 
The final solution, displayed in Fig. 5.36, shows the object reconstruction after 6000 
iterations. Although the crescent shape and orientation is the same as that in the microscope 
and SEM image, no structure on the scale below ~ 500 nm was reconstructed. The algorithm 
was  run  for  longer,  but  the  reconstruction  worsened.  The  inability  to  reconstruct  to  a 
resolution close to the ORC FIB sample implies that even with a spectrum consisting of 
fewer  harmonics,  the  signal to noise  on  the  scattering  pattern  is  too  low  at  high  spatial 
frequencies. On comparing the scattering patterns of the diatom and the ORC FIB sample, 
the signal to noise at the higher spatial frequencies is less for the diatom. In addition, the 
oversampling ratio for the diatom is only 10, whereas the oversampling ratio for the ORC 
FIB sample was 21.  
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Figure 5.35: Intensity (LHS) and preceding mask (RHS) for iteration steps 500, 1500, 2500 
and 4500. 
 
The reconstructed phase displayed in Fig. 5.36 (b) has a significant slope, specifically 
in one direction with significantly greater gradient than that observed with the other two 
samples. Indeed, the scattering pattern is more offset from the centre of the CCD camera in 
the x direction. 
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Figure 5.36: Final solution for (a) the intensity and (b) the phase (in radians) displayed in 
the form cos(φ) in order to illustrate the phase modulations. 
 
Figure 5.37 (a) shows that the final Fourier error eventually gets worse with iteration. 
This is due to the inability of the algorithm to find a solution. The Fourier error for the final 
500 iterations is shown in Fig. 5.37 (b). After an initial drop, the error increases to a plateau 
where a solution appears to be obtained for the Shrinkwrap cycle. 
 
 
 
Figure 5.37: (a) Final Fourier error per Shrinkwrap cycle and (b) Fourier error displayed 
on a log10 scale for the final 500 iterations of reconstruction for the diatom sample. The data 
are calculated using Equation 5.8. 
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5.9  Discussion 
 
To increase the resolution of the reconstructed samples, the scattering patterns should be 
recorded over a longer period of time so that high signal to noise is obtained for high spatial 
frequencies.  Since  successful  imaging  of  the  5   m  pinhole  and  ORC  FIB  sample  was 
achieved  with  an  oversampling  ratio  of  ~  20,  future  samples  should  also  have  an 
oversampling ratio of at least this value.  
To further improve the image reconstruction, the radiation must be monochromated. 
This can potentially be done at the XUV source by implementing quasi phase matching or 
done after the source by using a mirror with a narrow reflecting bandwidth. In the case of the 
latter, the XUV beam will reflect off the mirror before being incident on the sample. In 
addition, the CCD camera needs to be closer to the sample in order to capture higher spatial 
frequencies and thus enable reconstruction of the object to a higher resolution. This can only 
be done when using smaller samples so that the oversampling requirement is fulfilled.  
With integration times of nearly half an hour when obtaining a scattering pattern from 
the diatom, work should be done to improve the generated flux to reduce the timescale of the 
experiments. Although splicing unsaturated images to saturated images proved successful, 
there are other ways of obtaining scattering patterns containing both high and low spatial 
frequencies. One option to avoid leaking of the central pixels would be to block the centre of 
the scattering pattern [23,116]. 
If  the  centre  of  the  scattering  pattern  cannot  be  placed  at  the  centre  of  the  CCD 
camera, then a linear phase term could be added to the reconstructed phase. Alternatively, 
the  scattering  pattern  should  be  cropped  accordingly  to  avoid  reconstruction  of  phase 
attributed to the offset of the centre of scattering pattern. However, the drawback of cropping 
is  that  it  will  remove  high  spatial  frequency  signal  from  the  scattering  pattern  and  will 
therefore reduce the resolution of the reconstructed object.  
These suggestions will move the project towards its objective of developing a table 
top XUV nanoscope. 
 
5.10  Summary 
 
This chapter has demonstrated the imaging of a 5  m pinhole, a 7.5  m FIB sample and a 
biological sample using a table top XUV nanoscope. The maximum reconstructed object 
resolution  achieved  was  ~  300  nm  from  the  ORC  FIB  sample.  Even  though  generation 
conditions were changed to decrease the number of harmonics of the source, due to the low 
oversampling ratio of ~ 10 and the recorded scattering pattern having low signal to noise at CHAPTER 5 
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high spatial frequencies, the algorithm failed to reconstruct any detail below ~ 500 nm on the 
diatom.  
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6  Conclusions and Future Work 
 
This  thesis  has  documented  the  development  of  a  table top  extreme ultraviolet  (XUV) 
nanoscope capable of coherent diffractive imaging (CDI), at the Optoelectronics Research 
Centre.  
The structure of an argon gas jet during HHG was determined by focusing a highly 
intense femtosecond laser into the gas jet and imaging the subsequent fluorescence from 
excited argon atoms and ions. An increase in XUV yield of ~ 350 % was achieved by using 
the observed fluorescence to position the laser focus into the Mach disc of the gas jet. The 
maximum recorded flux from high harmonic generation (HHG) using an argon gas jet is 
relatively low. As such, in the experimental setup, an argon gas jet was not suitable as a 
source of XUV radiation for nanoscale imaging. 
 HHG  from  an  argon filled  pipe  has  also  been  demonstrated.  Using  the  observed 
fluorescence from the argon gas to position the laser focus with respect to the argon filled 
pipe, a hundredfold increase in high harmonic flux compared with the gas jet was achieved. 
Such flux is comparable to that observed from HHG using an argon filled capillary under 
similar  experimental  conditions.  Although  the  phase  mismatch  was  approximately 
symmetric about the focus for high harmonics generated in this work (H 25 etc.), due to the 
high  absorption  and  the  Cooper  minimum  present  in  argon,  the  position  for  generating 
maximum flux and reducing the number of observed harmonics was achieved when the pipe 
was  before  the  focus.  From  the  results,  an  argon filled  gas  pipe  is  a  potentially  viable 
medium for generating XUV radiation suitable for CDI, due to the algorithmic requirement 
of a narrow bandwidth. 
Using  the  high  harmonics  generated  from  an  argon filled  pipe,  this  thesis  has 
demonstrated the imaging of a 5  m pinhole, a 7.5  m FIB sample and a biological sample. 
The maximum spatial resolution obtained with the table top XUV nanoscope was ~ 300 nm. 
Due  to  the multiwavelength  nature  of  the  radiation,  the  low oversampling  ratio  and  the 
recorded diatom scattering pattern having a low signal to noise at high spatial frequencies, 
the algorithm failed to reconstruct any detail below 500 nm on the diatom. 
 The aim of this work was to develop a spatially coherent XUV source and use the 
radiation for imaging of nanoscale structures. To achieve this, a high flux high harmonic 
source  and  an  experimental  setup  suitable  for  CDI  were  desired.  Generation  of  XUV CHAPTER 6 
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radiation from an argon gas jet and argon filled pipe was achieved, and successfully imaging 
of a pinhole, FIB sample and diatom has been demonstrated. However, further research is 
required to accomplish the ultimate goal of single shot nanoscale imaging of a whole range 
of objects and sizes.  
Such  research  should  concentrate  on  increasing  the  flux  and  monochromating  the 
radiation. In addition, in order to image nanoscale structures below a size of ~ 20 nm, due to 
the diffraction limit, the generation of shorter wavelength light needs to be explored [30]. 
Other  research  should  focus  on  obtaining  high  signal to noise  high  spatial  frequency 
scattering patterns without oversaturating the centre of the charge coupled device (CCD) 
camera. Potential solutions are discussed in the following paragraphs. 
An increase in high harmonic flux can be achieved by focusing the fundamental beam 
with a longer focal length optic and by using larger gas region. By spreading the beams 
energy over a larger spot size to reduce the peak intensity and ionization contribution to the 
phase mismatch, the coherence length can be increased. Provided the coherence length and 
absorption length are longer than the generation medium, the harmonic flux will increase 
with square of the medium’s length and the gas pressure. Takahashi et al. [117] achieved a 
tenfold increase in flux of the 27
th harmonic when generating from argon by increasing the 
focal length and medium length by a factor of ten. 
The high harmonic flux at shorter wavelengths can also be increased by using new 
table top laser systems with shorter pulses and higher pulse energies [118]. Some of the 
latest laser systems commercially available can produce < 25 fs pulses with pulse energies of 
3.5 mJ at 1 kHz repetition rate. The higher peak pulse intensities will enable higher electron 
pondermotive energies and thus shorter cut off wavelengths, while the shorter pulses will 
reduce the ionization fraction and increase the coherence length.  
Generation of shorter wavelengths will also be possible by generating from gases such 
as neon or helium, which have higher ionization energies than argon. By using a gas which 
has a higher ionization potential, the cut off energy of the harmonics will increase since the 
cut off energy is the sum of the ionization potential (Ip) and the pondermotive energy of the 
electron (Up), Emax = Ip + 3.17Up. Hüve et al. [119] show that by focusing a highly intense 
ultrashort pulsed laser into a variety of gases, the highest harmonic generated in argon was 
33
rd harmonic, while the highest harmonics generated in neon was the 65
th harmonic.  
An increase in cut off energy can also be obtained by using a fundamental beam with 
a longer wavelength since the pondermotive energy (Up) is proportional to the square of the 
wavelength of the fundamental laser (λ0). Colosimo et al. [120] document the result of argon 
atoms ionized by ultrashort pulses with fundamental wavelengths of at 0.8  m and 2  m. It 
was shown that the while the cut off for a fundamental wavelength of 0.8  m was 50 eV, the 
cut off for a fundamental wavelength of 2  m was 220 eV.  CHAPTER 6 
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Narrow bandwidth multilayer mirrors will enable monochromation of the harmonic 
source.  Generally,  single  layer  mirrors  are  poor  at  reflecting  XUV  radiation  at  normal 
incidence. A larger reflectivity by a mirror can be accomplished by using multiple layers of 
alternating materials so that the reflected waves will interfere constructively. A reflectivity 
of 70.5 % at 13.3 nm and 70.15 % at 13.5 nm has been demonstrated experimentally using 
molybdenum/silicon  layers  [121].  CDI  using  narrow bandwidth  multilayer  mirrors  to 
monochromate the radiation from a HHG source has been shown to produce images with a 
resolution of 94 nm [23].  
A  suitable  method  of  blocking  intense  low  spatial  frequencies  will  allow  long 
exposures  to  obtain  high  spatial  frequency  scattering  patterns  with  high  signal to noise. 
Indeed, Sandberg et al. [110] demonstrated CDI with the aid of circular beam blocks of 
different sizes placed at the centre of the scattering pattern. These blocks were supported by 
a thin wire. Large beam blocks were used for long exposures in order to record scattering 
patterns  with  high  spatial  frequencies,  while  small  beam  blocks  were  used  to  acquire 
scattering patterns with low spatial frequencies. The scattering patterns were spliced together 
to increase the dynamic range of the CCD camera images by 8 orders of magnitude.  
Although  the  technology  is  still  in  its  infancy,  the  development  of  a  table top 
nanoscope that will enable routine imaging of nanostructures may well become as beneficial 
to science as the invention of optical microscope. 
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A XUV Spectrometer 
 
A.1  Introduction 
 
This appendix provides details of the optical design and wavelength calibration of the XUV 
spectrometer introduced in Chapter 2 and used in experiments documented in this thesis. The 
XUV spectrometer is a Rowland circle grazing incidence spectrometer and is manufactured 
by Schulz Scientific Instruments (LPS VUV NG1). 
 
A.2  Optical Design 
 
The optical design of the XUV spectrometer is illustrated in Fig. A.1. The XUV beam passes 
through a 100  m entrance slit and is incident on a concave gold grating placed on the 
tangent of a circle, known as a Rowland circle, which has a radius that is half the radius of 
curvature of the grating. In this way, the grating disperses the XUV beam across a curved 
microchannel plate (MCP) detector positioned along the circle [122].  
 
 
 
Figure A.1: Rowland circle grazing incidence XUV spectrometer. The dashed line indicates 
the Rowland circle. 
 
Because the MCP is curved along the Rowland circle, a linear wavelength calibration 
and sharp spectral lines are produced on its face. The MCP consists of an array of 12  m 
channels  that  produce  a  cascade  of  electrons  when  XUV  photons  are  incident  on  them. 
These  electrons  cascade  within  the  channels  and  are  then  accelerated  by  a  potential 
difference of > 1 kV that is applied across the plate. The amplified electrons are then imaged 
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onto a phosphor plate to produce visible light which is imaged using a CCD camera (Pixis 
400). 
 
A.3  Wavelength Calibration 
 
The wavelengths are calculated from the positions of the spectral lines on the Rowland 
circle, 
 
α   (A.1) 
 
where λ is the wavelength of the spectral line, N is the grating ruling (grooves per mm), α is 
the angle of incidence, ρ is the radius of curvature of the grating and x is the length of the arc 
between the centre of the grating and the position of the harmonic along the Rowland circle 
[123]. 
Since it is not possible to measure x directly, only the relative positions of spectral 
lines can be measured. For work in this thesis, calibration of the spectrum was performed 
numerically. Since the wavelength separation between harmonics exists in a unique ratio, by 
measuring  these  ratios,  the  harmonic  wavelengths  can  be  determined.  If  the  theoretical 
position x of each harmonic on the detector is calculated using Equation A.1 and a least 
squares fit is performed between the  measured positions, it is possible to determine the 
harmonic sequence of the radiation that the data represents. The technique is performed on 
spectra  that  are  acquired  at  low  intensities  and  pressures  so  that  the  harmonic  centre 
wavelength  is  well  defined  and  there  is  no  blue shifting  of  the  harmonics  caused  by 
ionization. This technique has been successfully cross correlated with helium emission on 
the spectrometer in work done by Froud [124]. 
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